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I. SUMMARY

Analytical and theoretical advances over the past year have provided the
first determinations of several crucial transport parameters for sputtered
CuxS/CdS solar cells that indicate that device behavior is dominated by
entirely different physical mechanisms than previously considered and
that further efforts to control and improve performance should focus in
new directions. The characterization capabilities extended to measure
sputtered film properties have shown that several anticipated variations
do not take place and that important unanticipated effects play primary
roles. This has first order implications for the fundamental problems
of fabrication reproducibility and device stability. This work can be
summarized with nine key questions listed below and by the indicated
brief answers that directly follow. These answers are of varying
degrees of completeness. The details are given in the body of the

report.

KEY QUESTIONS:

1. What materials properties and physical mechanisms control the
behavior of sputtered CuxS/CdS solar cells?
Answer:  Strong preliminary evidence indicates that the behavior
of CuxS/CdS formed by sputtering and by other techniques is domi-
nated by space-charge-limited current mechanisms through trapping
phenomena that are entirely different than processes that control
ordinary p-n junction performance. The results further show that
losses due to the imperfect junction region reduce the magnitude of

the 1ight generated current.



How can the important transport properties of sputtered CuxS/CdS
devices be determined?

Answer: Extension of SEM EBIC techniques allowed the first direct
measurement of the minority carrier transport parameters in poly-
crystalline, thin film CuxS/CdS devices. These samples had their
CuxS/CdS layer formed by sputtering. This characterization includ-
ed diffusion lengths, surface recombination velocity, and junction
collection efficiency. Sputtered free standing polycrystalline
CuxS films on glass permitted Hall measurements of majority carrier

properties.

What values do the important transport properties of'sputtered CuxS
films have and how are these values influenced by heat treatment?
Answer: The minority carrier transport parameters of sputtered
CuxS formed on polycrystalline CdS are essentially the same as
those previously fepokted for films topotaxially formed on single
crystal CdS. The majority carrier properties of the sputtered CuxS
films are among the best that have been reported for polycrystal-
line material. These parameters are not strongly influenced by air
or reducing heat treatments except for variations in the CuXS hole

concentration.

How can the optical properties of polycrystalline sputtered CuXS
films be determined?

Answer: Free standing sputtered films on glass have allowed the
first clear determinations of the optical properties of polycry-
stalline CuxS without the ambiguity encountered in layered CuxS/CdS

structures.



What are the optical properties of sputtered CuXS films?

Answer: The optical properties found with high quality, sputtered
CuXS films are essentially the same as reported by Mulder for
single crystal material. However the optical absorption constant

is strongly affected by post fabrication heat treatment.

Does something peculiar occur at the sputtered CuXS/CdS interface?
Answer: A primary characteristic of CuXS/CdS devices formed by
sputtering and by other techniques is the loss of minority carrier
current due to an imperfect junction region. This loss is strongly
affected by heat treatment with loss values ranging from 50 to 80
percent for specific sputtered device cases. Two possible respon-
sible mechanisms are direct recombination through interface states
and/or losses caused by photocurrent suppression because of poor

transport in the junction region.

Are the properties of sputtered and topotaxial CuXS films similar?
Answer: Comparisons among single crystal CuXS material and CuxS
films formed topotaxially and by sputtering onto poly and single
crystal CdS indicate that the minority carrier and optical pro-
perties among all these materials are highly correlated. Good
correlation is also expected for the majority carrier properties of

polycrystalline CuXS formed either by topotaxy or by sputtering.

Does reactive sputtering provide a promising technique for CuxS/CdS
device fabrication?

Answer: Reactive sputtering provides polycrystalline samples in



forms uniquely suited for studies of the controlling mechanisms oper-
ating in CuXS/CdS that must be understood if full potential is to be
reached. Justification of this more complex technique as a large scale
process would require that some performance advantage over alternate
techniques be identified. So far such identification has not been

accomplished.

9. What approaches would most 1ikely lead to further improvement in
CuXS/CdS behavior?
Answer: The solutions to major problems encountered in obtaining
fabrication reproducibility and in understanding stability limita-
tions would likely be found by careful monitoring and control of

the trap structures involved in CuxS/CdS devices.



IT INTRODUCTION

This section provides an overview of the major results achieved, evalu-
ates them in terms of device development, and relates them to the prior
work in the area. It is shown that the gross I-V properties not explain-
ed by standard theory is well modeled by space-charge-limited current
(SCL I) analysis. Extension of the SEM EBIC techniques coupled with the
unique material fabrications obtained with sputtering have allowed

rather complete characterizations of thin film devices for the first
time. These measurements included the minority and majority carrier
transport parameters and the optical properties and indicated that
unanticipated parameters determine performance and control repeatability
and should establish device stability limits. The junction region losses
of minority carrier current are identified as a dominant effect of heat
treatment and actual junction collection efficiency values are quantified
using a new analysis technique. Sputtering provided unique advantages
that allowed free standing, polycrystalline CuXS films to be formed on
glass for clear determinations of charge transport and optical properties
in addition to providing a highly planar geometry on the CdS substrates
required for the SEM studies. The benefits of sputtered device fabri-
cation is assessed. Following this overview, more extensive discussions
of the individual efforts are contained in the reprints and preprints of

technicle articles contained in Section III of this report.

A. Controlling Mechanisms

Until recently there were no theoretical models capable of quantita-
tively explaining the gross electrical properties of CuXS/CdS solar
cells such as the I-V's dark-light crossover, the non-exponential I-V,

and the temperature-independent slopes of the I-V. The best agreement



has been achieved with the recently developed, SCL I model (see Sect.
III A) controlled by new processes. This has strong implications for
achieving fabrication repeatability and device stability and for the

establishment of ultimate device performance.

The match this SCL I approach gives to the I-V cross-over is shown in
Fig. 1 for a wet dip, topotaxial cell fabricated by the University of
Delaware and is explained in Sect. III A.3. The characteristic, non-
exponential I-V of SCL I is shown by the experimental data in Fig. 2
over 4 to 6 orders of magnitude in current for an LLL sample whose CuxS
was sputtered onto vacuum deposited CdS (for the theory see Sect. III
A.1). Since this approach has its behavior controlled by entirely
different physical mechanisms than found in standard solar cell theory,
the question immediately arises as to what mechanisms actually control
the performance of these solar cells. If this new model 1is true, then
entirely different material parameters need to be monitored, controlled,
and optimized. For instance the change in the current-voltage charac-
teristics with a two trap SCL I model, implied by a change in the deeper
trap's density in CdS (located at Ec'Et='44 eV) is shown in Fig. 3.

The data points shown are the light exposed values also given in Fig. 1.
For the 17 mA/cm2 short circuit current, the open circuit voltage would
drop from 0.5 V down to 0.4 V and to 0.27 V as shown as the deeper traps

14) to 1.8(1014)cm'3.

density decreases from 5.1(1014) through 3.6(10
The other parameters utilized for these curves are identified and their
magnitudes specified in Sect. III A.3 where this model is described in
detail. Such variation in CdS trap density with heating and other
treatments is well known (1-5). Changes in characteristics like those

shown are often observed for sputtered CuXS/CdS cells during heat treatment.
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This has strong relevance for a major experimental problem - device
repeatability. Rather random fluctuations of device performance have
often been seen between sputtered device, fabrication runs even though
all known parameters of importance (according to standard theories) have
been monitored and controlled. Since the trap structure controlling

SCL I has never been carefully monitored during cell fabrication, it is
a prime suspect as the cause of the unpredictable changes that plague
current experimental studies and impede commercial exploitation. This
SCL I model also impacts questions of stability since 1ight and heat and
ambient induced changes of traps with time are widely reported (1-5).
Thus there is sufficienct evidence now to justify a determination of how
CdS trap parameters influence device behavior with the possible payoff
in greatly increased consistency in device fabrications and in improved

control of stability.

B. Thin Film Characterizations

Extending the SEM EBIC techniques allowed polycrystalline CuxS/CdS
samples of planar geometry to be measured in terms of their minority
carrier transport parameters. Reactive sputtering provided the planar
shapes and also gave free standing CuxS films that allowed characteriza-
tion of the majority carrier properties. These transport properties
were found to not vary appreciably with air or reducing heat treatment

except for the CuXS hole concentration.

The minority carrier diffusion length values were found to lie in the
0.20 to 0.26 um range for the sputtered CuxS and in the 0.4]1 and 0.46 um

range for vacuum deposited CdS (see Sect. III B.2) which bracket the
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highest accuracy values measured on devices with a "wet dip" CuxS layer
(see Sect. III B.1). These sputtered CuxS values are 20 to 50 percent
higher than those found by Westinghouse with a "dry process" single

crystal CdS sample measured with a laser scan technique(6).

This past year's development at LLL of the non-destructive technique to

accurately measure these values on ordinary, polycrystalline cells whose

top layer ié less than a diffusion length wide represents a major
advance in characterization technology applicable to a wide range of
thin film devices. The results are obtained from analyzing the slopes
of EBIC (electron-beam-induced current) data as a function of high
energy electron beam penetration into the sample as described in Section
III B.2. Typical EBIC data curves are shown in Fig. 4 as a function of
heat treatment at 180°C in hydrogen-argon for a sample with vacuum deposited
CdS and sputtered CuXS. The unchanging shapes indicate constant dif-
fusion lengths and also constant values of CuXS surface recombination
velocity equal to the diffusion velocity. Comparing this to similar
studies of "wet dip" single crystal devices heat treated in air(7)
indicates that unchanging magnitudes of these quantities are obtained
for devices with epitaxially sputtered(8) and topotaxially reacted CuxS
layers on polycrystalline and single crystal CdS substrates and heated

in either air or hydrogen-argon ambients.

LLL's reactive sputtering allowed free standing films of CuxS to be
formed on glass substrates simultaneously with device fabrication. This
allowed the Hall effect measurements (by Yee and Leong) of the majority
carrier properties to be obtained as described in Sect. III C. As

fabricated, a typical film showed a hole mobility of 5.5 cmz/v-sec and
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a hole concentration of 2(10]9)cm'3 corresponding to 0.06 ohm-cm resis-
tivity at room temperature. Subsequent heat treatment in air and
hydrogen-argon showed no large variations in this mobility but strong

changes in hole concentration.

To the extent that such carrier concentration excursions with heating
represent changes in the CuXS stoichiometry and its defect density, it
has been postulated that parallel changes could also be occurring in
mobility and thus in diffusion lengths(9-11). However the temperature
dependence of the CuXS mobility investigated in the LLL studies as shown
in Fig. 5 (and discussed in Sect. III C), shows that the high quality
film had its mobility determined by the intrinsic lattice scattering
mechanism of optical phonons at room temperature and not by extrinsic
crystal defects. Thus no mobility improvements (nor related diffusion
Tength improvements) should be expected in such films with stoichiometry
changes induced by heating or by other means. This is certainly con-
sistent with the unvarying diffusion lengths reported above. Such a lack
of a diffusion length change with heating was recently supported by the
experimental measurements of the Westinghouse group(6) taken on a single

crystal sample heated in a nitrogen ambient at 200°C.

The measured room temperature mobility mentioned above compares well to
previously reported polycrystalline, CuxS values ranging from 5 cmz/v-sec
(12) to 12 cmZ/V-sec(13) and is at the lower end of the reported single
crystal range from 4 cm2/V—sec(14), 25 cm2/V-sec(15), up to 9C cm2/V-sec(11)
Thus one can see that the minority and majority carrier transport para-

meters of sputtered CuXS films are among the best reported for polycrystalline
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films and do not change with heat treatment except for hole concentra-
tion. With these important eliminations, the important question arises

as to what is changing during heat treatment.

C. Junction Collection Efficiency

If most of the proposed mechanisms for changing device performance are
rejected, then a burden is imposed to find what basic mechanisms are
responsible for the large observed variations in devfce behavior. A
prime prospect is the loss of photogenerated carriers due to the hetero-
junction interface region. Two possible responsible mechanisms have
been proposed: 1) the loss of minority carriers through interface
states at the heterojunction as suggested by Oldham and Milnes(16) and
utilized by Rothwarf et al (9,17,19) and the Indian Group (18) and 2)
the suppression of minority carrier current due to poor transport
characteristics of the junction region as described by Rhoderick (20)
and by Crowell et al (21,22) for Schottky barriers and extended to
heterojunctions by Partain and Shea (23). Indeed the finding of the LLL
studies has been than changes in the efficiency with which minority
carriers are collected by the junction region are a major effect of heat
treatment with sputtered samples. Half the minority carriers (generated
in the dark by an electron beam) were found to be lost because of the
junction region. The higher efficiencies required for high performance
may be produced either by photoenhancement of by other means that

improve junction transport.

The vertical shifts of the EBIC curves with heating as shown in Fig. 4

are direct indications of changes in the junction collection efficiency
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as explained in Sect. III B.2. A major advance of the last year at LLL
has been the extension of the EBIC technique to allow absolute values of
junction collection efficiency to be determined in terms of the photo-
current suppression mechanism mentioned above (see Sect. III B.2).
Figure 6 shows the typical variations in this junction efficiency with
heat treatment at 180°C in hydrogen-argon for minority carriers origi-
nating in one of three regions (the low field CuxS region, the low field
CdS region, or the junction space-charge-region) for a sputtered, poly-
crystalline device. Such results indicate that junction efficiency
variations are a dominant effect of heating. Recently this loss of
photocurrent due to the junction region and its change with heating has

been verified by the laser measurements at Westinghouse(6).

Note that Fig. 6 indicates that about half the carriers generated out-
side the space-charge-region are lost in the junction region even at the
peak of the curves. Since this EBIC data was obtained in the dark,
these low values may be due to the lack of photoenhancement. This
possibility will be clarified when the planned EBIC experiments in light
are carried out. Another possibility is that there may be more inter-
face losses with the LLL expitaxially grown CuxS than occurs with the
buried interface of a topotaxially formed junction. Future measurements
on topotaxially formed devices will answer this question. The prior
topotaxial EBIC data only determined relative variations in junction

collection efficiency (7).

The interface recombination velocity studies by Rothwarf et al also

indicated significant Toss of carriers in the interface (17). Use of
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this approach in the 1ight by the Indian group (18) indicates a junction
efficiency of 50 percent in agreement with the LLL dark values given
above. The interface recombination parameters reported in the Delaware
publication (from measurements taken in the Tight) also specify a 50
percent collection efficiency (see Table 1 of Ref. 17) even though their
data was not presented in a manner to show this magnitude. The point is
that growing evidence points to significant junction region losses in
samples formed by sputtering and by other techniques. An earlier
Delaware report has reported interface collection efficiencies of up to
96 percent (19) indicating a possible range for this parameter's varia-

tion.

D. Sputtering Control of CuxS

Reactive sputtering allows a wider variation of thin film properties of
CuxS to be obtained than with other fabrication processes. A discon-
tinuous jump of resistivity of four orders of magnitude, to higher
values than achieved topotaxially, is reproducibly seen with the sput-
tering. The optical properties were unambiguously determined because
the free standing polycrystalline CuXS films could be produced. This
showed that optical constants approaching single crystal values could be
achieved but that they vary strongly with subsequent heat treatment.

The high resistivity films were quite unstable, showed no clearly

identifiable advantages and may be undesirable.

As the pressure of the reactive gas (4.4% HZS’ 95.6% argon) is lowered,
the polycrystalline films exhibit a sudden four orders of magnitude jump

as shown by the resistivity plot in Fig. 7. Such a transistion was
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earlier reported for the LLL approach (8) and it has been confirmed in
Lockheed's reactive sputtering work (24). Low resistivities in the
hundreths of an ohm-cm are consistent with the highest CuxS sheet
resistivities reported for "wet dip" layers by Burton and Windawi (25)
and by the French group for their single crystal samples (14). Appar-
ently, reactive sputtering is one of the few techniques capable of
producing CuxS in the 102 ohm-cm ranges. The polycrystalline nature of
the CuxS films sputtered unto glass was established by x-ray diffrac-
tion. Spectrophotometer determinations of the optical absorption
properties of low resistivity, sputtered film (0.06 ohm-cm) has essen-
tially the same values as reported by Mulder on single crystal chalco-
cite. This is shown in Fig. 8 and indicates the high optical quality of
such films as was also reported by Lockheed (24). This absorption

constant varies significantly with heat treatment.

The high resistivity, sputtered films are highly unstable and are char-
acterized by the presence of elemental copper nodules identified by
x-ray analysis in a scanning electron microscope (8). Attempts at
taking Hall effect measurements on such films result in Hall voltages so
unstable in time as to preclude meaningful measurements. Immediately
following heat treatment of these initially high resistivity films at
180°C in hydrogen-argon (for as little as 15 minutes), the resistivity
immediately drops to the 10'2 ohm-cm range. EBIC measurements made to
see if increased diffusion lengths predicted (9,10) for high resis-
tivity, stoichiometric samples is actually achieved, gave inconclusive
results. Heat treatment was required to make the devices rectifying

enough for EBIC measurements. Such measurements then gave the same
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diffusion length values as found with the CuxS films of intially lower
(0.01 ohm-cm) resistivity. Unfortunately this heat treatment lowered
the initially high CuxS resistivity down into the low range. Such
unstable electrical properties were also found by Kramer (26) when he
sulfurized ultra pure copper films into unusually high resistivity
states using sulfur vapor in an ultra-high vacuum system and by Okamoto

~and Kawai (27) in stoichiometric CuxS at elevated temperatures.

At this point, the most that can be said is that anticipated advantages
for high resistivity CuXS layer devices have not yet been observed. A
large number of devices with very low efficienty have been formed that,
before the first heat treatment, had a hundred ohm-cm CuxS layers with
copper nodules. There is the distinct possibility that the highest
resistivity forms are undesirable. However good devices and CuXS films
with the desired optical properties and electrical properties are
obtained in the low resistivity forms with reactive sputtering. These
results show the wider variation of the CuXS properties is obtained with

sputtering compared to other reported techniques.

E. Performance Potential

The potential efficiency of reactively sputtered devices is as good as
for any other fabrication process based on the minority transport para-
meters and the optical properties. Actual achievement of this potential
depends on two things. Equivalent light trapping and equivalent junc-
tjon collection efficiency to the other techniques must be achieved.
The theoretical calculations of achievable cell current with a planar

structure agree well with experimental data. The highest demonstrated
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efficiency for sputtered cells (4%) is being limited either by a lack of
sufficient 1light trapping or by inferior junction collection. A differ-
entiation between these two will be obtained in proposed experiments. A
typical light I-V for one of the higher efficiency sputtered devices is
shown in Sect. III B.2, Fig. 2. For the more complex fabrication tech-
niques, 1ike reactive sputtering, to be cost competitive with simpler
processes for large scale fabrication, a significant performance advan-
tage for the sputtered cells needs to be identified. Such identifi-

cation has not been accomplished to the present time.

Reactive sputtering produces a relatively uniform thickness layer of
CugS similar to "dry processed" cells without the large light trapping,
grain boundary instrusions of the "wet dip" process as identified by
Shirland (28). The Timitations that a highly planar geometry places on
short circuit current as a function of the CuxS minority carrier dif-
fusion length are shown in Fig. 9 assuming AM2 1ight (83 mW/cmz) and at
most two passes of light through the CuxS layer. Since the diffusion
length has been found to equal 0.25 microns in both polycrystalline and
single crystal devices (see Sect. III B), the following conclusions can
be drawn. With a single light pass (front wall) and a 20% front surface
reflection loss (no AR coating) 12 mA/cm2 is indicated by the lower
dashed curve. With a highly reflecting back surface giving a second
pass, a 20 percent increase would be indicated up to 14.5 mA/cm2 (this
case has not been shown in Fig. 9). This agrees quite well with the 13
mA/cm2 recently reported by Delaware for dry processed cells on a smooth
substrate and no AR coating (see Ref. 29, Fig. 1). With an AR coating
and 70% back surface reflection, the upper dashed line of Fig. 9 speci-

fies a short circuit current of about 18 mA/cm2 compared to the 17 mA/cm2
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surface reflection with 70% back surface reflection for a

second light pass through the CuXS.
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found for an AR coated device in the Delaware Progress report. These
Timitations on achievable current with a highly planar geometry are
consistent with the reflected photon losses recently discussed by
Bragagnolo (30). Increased currents therefore depend on roughened
substrate or top surfaces or equivalent techniques to achieve light

trapping such as suggested by Bragagnolo.

So far junction collection efficiencies of 50 percent and less have been
reported for cells with both topotaxially and epitaxially (reactive
sputtered) formed CuxS layers as discussed in the preceding section.
However the high performance 9.15% cells (31) must have had much higher
collection factors. For high performance, the sputtered devices need to
demonstrate their capability for achieving this same performance.
Comparative EBIC studies of epitaxial and topotaxial devices should
clarify if there is any inherent difference between them. So far such
comparison experiments have not been carried out but they are proposed.
Significant performance advantages for sputtered cells compared to other

techniques have not yet been found.



III. DETAILED STUDIES DESCRIBED IN
TECHNICAL ARTICLE PREPRINTS AND REPRINTS

A. SCL I MODELING
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ABSTRACT

A space-charge-limited current model has been used to consistently and
guantitatively model the gross electrical properties of CuxS/CdS hetero-
junctions not explained by standard p-n junction theory. Quantitative
fits were obtained for the dark and 1ight crossover of the I-V curves,
the evolution of I-V from near Ohmic to rectifying during heat treatment,
the high forward voltage drop in the dark, the non-exponential dependence
of I on V, and the temperature independent slope of the I-V curves.

These were found for CdS trap densities in the 10]3 to 10]5 (:m'3
range, polycrystalline CdS mobilities in the 1 to 10 cmz/v-sec range,

10 -3 range in

and conduction electron concentrations in the 108 to 10
the thin Cu compensated region of CdS produced during cell fabrication
heat treatments as monitored by zero bias capacitance. These results
imply that entirely different physical mechanisms than those used to
described standard p-n junctions control the dark and light I-V charac-

teristics and the conversion efficiency of these solar cells.
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INTRODUCTION

The gross electrical properties of CuxS/CdS solar cells have long
presented unusual characteristics that have been difficult to explain
with a consistent and quantitative, theoretical model based on reason-
able parameter values. These properties include the dramatic crossover
of the dark and light I-V curves (1-5), the non-exponential dependence
(5) of current on voltage with a temperature independent slope (3,6,7),
the evolution of the I-V properties with heat treatment from near Ohmic
to rectifying (8-11), the high forward voltage drops in the dark (1-5,9),
and a soft breakdown (4,9,10) under reverse bias. Existing models have
either concentrated on just the illuminated characteristics (12) or just
dark characteristics (6,13) or have given only qualatative descriptions
for the observed behavior (8, 14-18). The quantitative theories have
not made direct comparison to experimental results (19) or have been
restricted to limited ranges of current and voltage (5,13,20) or have
limited their treatments to specialized phenomena not easily related to

both current and voltage (3,21-24).

Several workers (12,14,25) have suggested modeling the dark I-V properties
using space-charge-limited current (SCL I), but no detailed studies were
made. One early investigator (16) developed a detailed SCL I theory.
However, it was for two carrier injection which is not physically
justifiable in a rectifying device (26) such as CuXS/CdS which has a

high barrier to hole injection (27). In this paper the gross electrical
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properties are analyzed in terms of a single carrier injection SCL I. An
approximate multi-trap theory is presented in addition to an exact,
single trap analysis. It is shown that the observed experimental data

can be consistently explained using these approaches.

THEORY

The general behavior of the I-V curves when SCL I conditions are present
(26) is illustrated by the solid line curve in Fig. 1. An Ohmic region
occurs at low currents. With increasing current an I « V2 region appears
next if shallow traps are present. Further current increases finally

give a I « V" (m >2) region followed by I <V2. For reference, Pizzarello's
actual experimental data (28) for SCL I in vacuum deposited, polycrystalline
CdS with two Ohmic contacts are shown in this figure. A sufficiently

high resistivity is required in a material before SCL phenomena can be
observed (26,29). The diffusion of Cu from the Cuxs layer into the CdS

to form such a compensated, high resistance region in the CdS during the

cell fabrication heat treatment is well established (30,31).

The T « V" region is referred to as the trap filled limit (TFL). The
intersection of the Ohmic line with the V™ line (see the dashed Tines in
Fig. 1) can be used to define a threshold for the TFL. Simple, first

order approximations give this voltage threshold as (26)

S
VrrL "~ Pio (1)
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where q is the electronic charge, L is the width of the Cu compensated CdS
high resistance region, Pto is the equilibrium concentration of holes in
traps, and € is the CdS dielectric constant. From Ohm's law

noquv
J=—7— for V< Vyp (2)

where o is the equilibrium concentration of conduction electrons and

pis the electron mobility. In the adjacent region

J < V" for V > VrL (3)
where m > 2 but m takes on its smaller values when multiple traps are
present (26,29). These Eqs. 1-3 will be referred to as the approximate,

multi-trap model.

For the special case of a single trap, an analytic solution has been

found of the form (26)

2
nql
Ve X (4)
€ w2
2 2
n“q"plL
€ W
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where

c 2.[¢, 6 C+1
y(u) = - & u? - +8C 1y -8 qe0(1-u
% G * 2641) 6+l 9(1-u)

G-C

+ —=—~— log (1 + Gu) 6

63(6+1) (6)

w(u) = -4y ]+C log (1-u) + -—-ﬁtﬁL-lo (14Gu 7

and
B = Nt/no . (8)
x 3/2

C = _r%_o(.g.ﬂ_':_z_kl) exp [— (Ec-Et)/kT] (9)
G=C+ Tg% (10)
u-= no/n(L). an

Here N, is the concentration of the single trap spaced an energy (Ec'Et)
below the conduction band edge. The m* is the density-of-states effec-
tive mass, k is Boltzmann's constant, T is absolute temperature, h is
Planck's constant and n(L) is the non-equilibrium concentration of
conduction electrons at the edge of the compensated, high resistance

region opposite the electron injecting, cathode contact. The above
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expressions are characterized in many cases by a near vertical rise of J
with V for voltage values approaching the VTFL of the simpler, approxi-

mate theory.

A condition for observing single carrier, SCL I is Ohmic, electron
injecting contacts (for an n-type material) to the high resistance
region. If an Ohmic and a blocking contact are made to the material,
SCL I can still be observed but only for forward bias of the blocking
contact so that electrons are injected through the Ohmic contact. For
the opposite bias, rectification (rather than SCL I) is seen. In the
two SCL I theories given above, the simplest conditions have been
considered with a uniformly doped, Cu compensated CdS Tayer at the
heterojunction interface. More complicated, position dependent profiles
were not used since they would greatly complicate the analysis and
require numerical integration calculations. The insight and under-
standing of the parameter interrelationships given by the analytical

expressions would then have been lost.

RESULTS

The polycrystalline samples were fabricated by vacuum depositing 20 to
30 microns of n-CdS, with resistivity in the 1 to 10 ohm-cm range and a
carrier density of about ]017/cm3, onto a metal layer substrate that
acts as an Ohmic contact. The opposite surface was etched for a few
seconds in hot HC1. The polycrystalline sample #1 had its CuxS Tayer
formed by reactively sputtering a copper target onto the etched CdS
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surface in a HZS atmosphere. Polycrystalline sample #2 was fabricated
by the Institute of Energy Conversion, University of Delaware by dipping
the etched CdS into a 90°C CuCl bath solution for several seconds.
Single crystal sample A was fabricated on a single crystal slice of n-
type CdS cut from an ultra-high-purity (no intentional dopant other than
excess Cd) boule with resistivity in the 1 to 10 ohm-cm range and a
carrier concentration in the 1015 to 1016 cm'3 range. This boule was
purchased from the Eagle-Pitcher Corporation. After the hot HC1 etch,
sample A's CuxS layer was formed by reactive sputtering and its Ohmic
contact to the CdS was obtained by pressed-on indium contacts. The
Ohmic contact to the CuxS layer was gold for the polycrystalline samples
and an indium-tin-gallium amalgam for the single crystal sample. Sample
#1 was subjected to a 200°C air heat treatment for two minutes. Sample
#2 was exposed to a 16 hour treatment in hydrogen-argon at 170°C and 0.5

hour in vacuum at 190°C. Single crystal sample A was given only the

heat treatments described below.

After a 150 minute heat treatment in hydrogen-argon (14% Hz) at 180°C,
single crystal sample A had the J-V characteristics shown in Fig. 2a.
This log-log plot clearly shows that forward bias gives an Ohmic region
that sharply breaks into a v region at a vTFL of a few tenths of a
volts. Reverse bias gives the characteristic "soft" breakdown. For
comparison Fig. 2b shows the SCL I measured by Dresner and Shallcross(32)

on vacuum deposited CdS to which an Ohmic gold contact and a blocking
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tellurium contact had been attached. Its current density was estimated
here by dividing its total current by the area of its dot contact. Note
that for forward bias, its VTFL is also a few tenths of a volt and its m
value is similar to that of sample A. Under reverse bias it also has
soft breakdown. Both Fig. 2 plots for forward bias demonstrate the
standard SCL I features illustrated in Fig. 1. Similar SCL I J-V
properties have been reported by other workers on vacuum deposited CdS

with an Ohmic and a blocking contact (33,34).

The evolution of single crystal sample A's J-V characteristics is shown
in Fig. 3 from initial fabrication (0 minute heat treatment) to treat-
ment intervals up to 270 minutes total in hydrogen-argon at 180°C.
Throughout this evolution the forward bias data, given by the upper

1ines and data points, maintain the characteristic SCL I form and the
reverse bias results, of the lower curves and data points, give the soft
breakdown. Note that after 270 minutes, the forward voltage drop exceeds
one volt at a current density of 10 ma/cmz. Analysis of these forward
bias curves with the approximate, multitrap theory of Egqs. 1-3, gave the
Pto values as a function of heat treatement time shown in Fig. 4. These
values were determined from Eq. 1 using a CdS relative dielectric con-

stant of 10 and using observed VTFL values with L specified by the

measured zero bias capacitance C(0) using the SCL I capacitance relation(26)

- J€A
L Z¢(0) (12)




where A is the junction area of the device. These measured C(0)/A
values and calculated L values are shown in Table I. No corrections
were made in the flat projected value for A to account for surface
roughness. The resulting trapped hole concentrations in the 10]3 to
10]5/cm3 range is on the same order of magnitude as the values other
workers have reported for SCL current in CdS (35,36). The Table I L

values vary approximately as L2

= D(t-to) with a copper diffusion con-
stant in CdS of D = 4.6(10']2) cmZ/V-sec where t is time and t =
18 min. accounts for the initial copper profile produced during device
fabrication. This 180°C value for D lies in the range reported in the
literature with agreement with Woodbury's extrapolated D value (37) and
lying two orders of magnitude above and below Sullivan's (31) and

Purohit's (30) values respectively.

Similar determinations of Pto for the polycrystalline sample #2, as it
was taken from the dark into simulated 100 mW/cm2 AM1 1light, gives the

3 and

similar order of magnitude values of p. (dark) = 5.0 (1014) cm
Pto (1ight) = 3.9 (1014) cm~3. The J-V data used to determine these
values using the measured C(0)/A of 10 nf/cm2 are shown by the data
points in Fig. 5. The approximate, multitrap model fit of this cross-
over data is shown by the solid 1ine curves for empirically determined
values of m(dark) = 5.6 and m(1ight) = 9.0 and for a p(dark) = 10 cm?/V-
sec and p(light) = 30 cmZ/V-sec. Such a factor of 3 increase in p with

light was reported by Wu and Bube (38) from thermoelectric measurements

on Cu doped CdS formed by vacuum deposition. The dark value of m



compares well to the 5 to 7 range founded by McGarthy and Yee (39)

in Cu doped single crystal CdS in which SCL I was observed. The increase
in m with 1ight suggests optical filling of shallow traps (with elec£rons)
so that the voltage dependence of current more closely approaches the
vertical behavior of a single (empty) trap condition. Such optical
modification of thé hole populations of traps is consistent with the

hole trapping dynamics described by Fahrenbruch and Bube (22). Further-
more the 0.44 eV trapping level of the present work is identifical to

the activation energy they found for optical degradation and the SCL I
model is in agreement with their major conclusion that current transport
js controlled by the Cu compensated CdS layer next to the CuxS/CdS
interface. The major difference is in their use of a thermionic-emission-
over-a-barrier model that differs markedly from SCL I theory. Note that
the polycrystalline sample #2 had a 0.51 V open circuit voltage, a 17
ma/cm2 short circuit current, a 0.70 fill factor, and a 6.1% conversion

efficiency in the simulated AM1 light intensity.

If the sample A data of Fig. 3 is redrawn on a linear plot with a current
scale low enough to clearly show the lowest current break (see the 90
minute heat treatment curve) between the Ohmic and TFL region, the
previously reported form (9) of the evolving J-V becomes evident. At 0
minutes heat treatment, the'J-V seems Ohmic because the current levels

are so high. After 270 minutes, the high forward voltage drop becomes
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quite evident. From the above one can note that the approximate, multi-
trap SCL I theory consistently models the J-V evolution with heat
- treatment, the non-exponential J dependence on V, the dark-1ight cross

over, and the high forward voltage drop in the dark.

Next we consider the temperature influence on the J-V curve. If tempera-
ture dependent sample #1 data are plotted on log-log scales, the resulting
graph has the form shown by the data points in Fig. 6. To study such
temperature variations, the preciseness of the exact single trap theory

is required. The fit that Eqs. 4 and 5 give for these measurements are
shown by the solid Tine curves obtained with the parameter values shown

in Table II. This match is obtained again with trap densities in the
same 1014 to 1015cm"3 range and reasonable mobilities in the 1 to 10
cmzlv-sec range. The equilibrium conduction electron concentrations No
are in the range reported in high resistivity, polycrystalline CdS in

which SCL current has been observed (32,40). The identification of
different Ec'Et levels at each temperature results from the single trap
theory giving the "effective" trap density within a few kT of the Fermi-
level as it retreats from the conduction band edge at higher T as explained
in more detail by Bube et al (41). The L value was given by zero bias
capacitance. Notice how well this temperature independent slope is
modeled by SCL current. Also note the near vertical rise of the single
trap theory at higher J values. The Table II trap energy levels agree
within 15 percent to those obtained for CdS native defects by Grill et

al (42) using deep level transient spectroscopy and they have the same
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order of magnitude densities. The rol® of the deeper, Cu compensating
levels, was to lower the Fermi level well below the conduction band edge
so that rising temperatures sweep the Fermi level through progressively

deeper traps (41,42).

SUMMARY

A SCL current theory using reasonable parameter values has provided a
quantitative model for the gross electrical properties of CuxS/CdS solar
cells unexplained by standard p-n junction theory. These properties
include the dark-light crossover of the I-V, the non-exponential depend-
ence of I on V, the evolution of I-V with heat treatment, the high
forward bias voltage drop in the dark and the temperature independent
slope of the I-V characteristics. The soft breakdown is not included in
standard SCL I theory. However similar breakdown has been widely
observed in other polycrystalline CdS devices in which SCL I was
observed and to which an Ohmic and blocking contact have been attached
(32-34). These results imply that physical mechanisms entirely differ-
ent from those described in earlier models control the dark and light
I-V properties and thus the conversion'efficiency of these CuxS/CdS
devices. Similar SCL I behavior has also been identified for another

heterojunction, solar cell structure comprised of n-InSe/p-GaAs (43).
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TABLE I. Measured C(0)/A values and calculated L values for single
crystal sample A as a function of 180°C heat treatment in

hydrogen-argon.

Heat Treatment c(0)/A Calculated
Time (min) gnf/cmzl L(micron)
0 18.8 1
30 12.2 1.1
60 | 8.8 1.5
90 7.5 1.8
150 6.0 2.2
270 4.8 2.8

TABLE II. Parameter values used in the exact, single trap, SCL current
theory to fit the temperature dependent J-V data measured on
polycrystalline sample #1.

1°K) no(cm‘3) w(cn?/V-sec) Nt(cm'3) E.~Eq(eV)

99 2.0(108) 10.0 5.0(101%) .17
1%  6.5(10%) 2.0 1.1010'%) .3
204 2.0(10'0) 1.6 6.010'%) .44

Parameters held constant:
L = 1.330107Hem
€fe, = 10

mn*/mo = 0.2
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FIGURE CAPTIONS

Fig. 1. Functional form for the typical variation of I with vV for
standard space-charge-limited current theory. Data points
were measured by Pizzarello(28) on polycrystalline CdS film
formed by vacuum deposition.

Fig. 2. Log-log plot of the forward and reverse bias J-V properties of
CdS devices. Plot a) is for CuxS/CdS single crystal sample A
after 150 minutes of 180°C hydrogen-argon heat treatment.

Plot b) is Dresner and Shallcross's (32) data on vacuum deposited,
polycrystailine CdS to which an Ohmic gold contact and a
blocking tellurium contact had been applied.

Fig. 3. The evolution of the forward and reverse bias J-V properties
of single crystal CuxS/CdS sample A as a function of 180°C
heat treatment time in hydrogen-argon. Upper curves and data
are forward bias. Lower curves and data are for reverse bias.

Fig. 4. The equilibrium concentration of holes in traps as a function
of 180°C, hydrogen-argon heat treatment time as determined for
single crystal sample A using the approximate, multi-trap
theory and the Fig. 3 forward bias data.

Fig. 5. The approximate, multi-trap model fit of the dark-1ight cross
over characteristics of polycrystalline sample #2. Solid
curves are theory and data points are measured values. .

Fig. 6. The exact, sing]g trap model fit for the temperature dependent
J=-v characteristiés of polycrystalline sample #1. Solid

curves give the theory and data points are the measured values.
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Functional form for the typical variation of I with Vv for
standard space-charge-limited current theory. Data points
were measured by Pizzarello(28) on polycrystalline CdS film
formed by vacuum deposition.
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Fig. 2. Log-log plot of the forward and reverse bias J-V properties of
cdS devices. Plot a) is for CuxS/CdS single crystal sample A
after 150 minutes of 180°C hydrogen-argon heat treatment.

Plot b) is Dresner and Shallcross's (32) data on vacuum deposited,
polycrystalline CdS to which an Ohmic gold contact and a
blocking tellurium contact had been applied.
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Fig. 3. The evolution of the forward and reverse bias J-V properties
of single crystal CuxS/CdS sample A as a function of 180°C
heat treatment time in hydrogen-argon. Upper curves and data

are forward bias. Lower curves and data are for reverse bias.
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Fig. 4. The equilibrium concentration of holes in traps as a function
of 180°C, hydrogen-argon heat treatment time as determined for
single crystal sample A using the approximate, multi-trap
theory and the Fig. 3 forward bias data.
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over characteristics of polycrystalline sample #2. Solid
curves are theory and data points are measured values.
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Abstract

A quantitative treatment is given for charge transport in

P-N heterojunctions that is controlled by mechanisms and
relationships different from those widely used to describe

such junction behavior. The model, based on space-charge-
limited (SCL) current, has been used to provide the first
quantitative explanation for the gross electrical properties

of thin film, polycrystalline CuxS/CdS heterojunction solar
cells which are characterized by non-exponential J~V properties
and by cross over of their dark and light J-V curves.

3 trap density located

Fitting parameter values of 6(1014)/cm
at 0.442 eV below the conduction band in a Cu compensated
region of Cds 1.33(10_4) cm thick for free electron concentra-

10 3 range and mobilities in

tions in the 6(10°) to 2(10'%)/cnm
the 10 to 30 cm2/V—sec range are consistent with other
reported values SCL current in polycrystalline Cds. A
transient technique allowed small signal capacitance to be
measured in high feorward bias near the trap-filled-limit

where anticipated capacitance variations were found to agree

with prior measurements of SCL current in CdsS.



INTRODUCTION

The CuxS/Cd$ heterojunction solar cell was first reported
about 25 years ago (1). The subseguent development of low
cost fabrication processes for thin-film, polycrystalline
forms of this device (2,3) coupled with recently demon-
strated conversion efficiencies exceeding 9 percent for
polycrystalline cells (4) demonstrate the strong potential
this structure has for large scale conversion of sunlight
into electricity (5). Despite this long period of atten-
tion, consistent quantitative models have not yet been
developed to describe some of the gross electrical properties
of these devices. In particular, the non-exponential depend-
ence of current on voltage and the cross-over (2) of the

dark and light I-V curves have proven quite difficult to
explain. The models proposed so far have either concen-
trated on just the illuminated characteristics (6) or just
the dark characteristics (7,8) or have presented only qualita-
tive descriptions of the observed behavior (9-14). The more
guantitative theories have not made direct comparisons to
experimental data (15) or have been restricted to limited
ranges of current and voltage (13,16,17) or have limited
themselves to basic phenomena like quantum efficiency (18),
photocapacitance (19), short circuit current (20), spectral
response (21) or interface recombination (22) that are not

easily related to both current and voltage. The recent
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tunneling model (8) does quantitatively fit current-voltage
data in the dark as a function of temperature for a limited
voltage range. Unfortunately it is still qualitative to the
extent that the critical transport coefficients are only
empirically determined without being related to known material
properties through existing detailed models such as Crowell
and Rideout's thermionic field emission theory (23). When
such analysis is applied to single step tunneling processes,
the magnitude of the tunneling current is found to be too
small to make significant contributions to total hetero-
junction current (24). Multi-step tunneling analysis of
CuXS/CdS cells has given qualitative agreement but only over

limited voltage ranges and only in the dark (7).

Several workers have briefly mentioned that space-charge-
limited (SCL) current could be involved in the dark I-V
properties of these solar cells (6,9,25). The purpose of
this paper is to explore the usefulness of modeling the dark
and light exposed electrical properties of CuXS/CdS hetero-
junctions with a SCL current model. The theoretical model
of the present work is an elaboration'and extension of the
SCL analysis initiated by Warter (26). SCL currents are
well known in high resistivity CdS (27). The diffusion of
copper from the CuXS layer into the CdS during heat treat-
ment to form a high resistance layer is also well known

(28,29). Heat treatment is a necessary step in the fabri-

/
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cation of high efficiency, polycrystalline cells (2,3,6-10).
In Section II, the known theory for the voltage dependence
of SCL current and capacitance is reviewed. Capacitance is
included because C-V techniques are well known for their
ability to probe the degree of compensation of the space-~
charge-region (SCR) of P-N heterojunctions which can be
modeled by standard junction theory (30). Section III
presents a comparison between the SCL theory and experi-
mental data on a polycrystalline, thin-film CuxS/CdS solar
cell. Comparisons to other relevant experimental results
are also made. An evaluation of this approach is summarized

in Section 1IV.
THEORY

In this section, a rigorous analytical model of SCL pheno-
mena is given for the single trapping level case and approx-
imate expressions are given for multiple trapping level
cases. Also a technique is described that allows small-

signal capacitance measurements at high forward bias voltages.

Lampert and Mark (31) have given closed form expressions for
the voltage (V) dependence of the current density (J) through
a homogeneous planar slak of semiconducting material of
width L containing densities ng and N, respectively of

equilibrium conduction electron concentration and trap



concentration where the Nt are located an energy EC - Et
away from the conduction band. With electron injecting,
Ohmic contacts attached at each side of the slab, this is

given in parametric form as

2
nOeL v(u)
v = € 2 (1)
wo(u)
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Here e is the electronic charge, € is the dielectric constant,
p is the electron drift mobility, and n(L) is the non-
equilibrium conduction electron concentration at the side of
the slab opposite the electron injecting, cathode contact.

The K is Boltzmann's constant, T is the absolute temperature,
m* is the density of states effective mass, and h is Planck's
constant. This solution involves the standard SCL current
theory assumptions of negligible diffusion current, field
independent mobility and a negligible separation distance
between the zero electric field point (the virtual cathode)

and the actual cathode.

For the single-trap case, the theory predicts that at voltage
values approaching a magnitude termed the trap-filled limit
(TFL), the current will rise essentially vertically toward
the trap-free insulator values {(31). If multiple trap

levels or a distribution of trap levels is involved, the

rate of rise is decreased (27,31) to less than infinity but

at a steep rate empirically observed to be approximated by

J x V (9)

where m > 2 and where the transition voltage VTF from Ohmic

L
to TFL is approximately specified by (31)



TRL, e Pto (10)

where Pto is the equilibrium concentration of holes in the

electron traps. Of course, at the low voltage values in the

Ohmic region

J = . (11)

These Egs. 9-11 will be referred to as the simplified,
multi-trap model. No exact, closed-form, analytic expres-

sions have been found for the multi-trap case.

Under SCL current conditions, the small-signal a.c. capaci-

tance C is given by (31)

_ 3€A
C = 5= (12)

2 and where A is the

for regions where J is proportional to V
cross-sectional area of the device. 1In regions where J
rises much more steeply with V than square law, no analytic
expressions for C have been derived. In such steep regions,
the traps become filled (32) so that incremental increases

in current result in little incremental storage of charge in

the traps so that very little increase in terminal voltage

59



is observed. Under such trap-filled-limit conditions, it is

reasonable to expect C to differ in value from Eq. 12.

With forward biased diodes, the in-phase current is so large
compared to the guadrature (capacitive) current that ac
techniques no longer give accurate capacitance values. For
this forward bias condition of interest in this study, the
following alternate technique is proposed for small signal
capacitance determination. The standard small signal equiva-
lent circuit for the capacitance C of a reversed biased
junction is generalized to forward bias by the addition of
the shorting resistance Ry as shown in Fig. 1. For generality
let Ry be non-linear and consider both C and Ry to be single
valued functions of the applied voltage V. To account for
the transient effects well known in SCL current conditions
(31), time dependence is also included to give C(V,t) and
RN(V,t). Different dc bias conditions are obtained by
connecting the device in series with a variable dc bias
voltage VB and variable bias resistance Ry like in Fig. 1la.
If this bias is applied for a sufficiently long time, a
constant, steady state current of I(Of) will flow through

the device. At time t equal 0, the switch S§ is opened with
no instantaneous change in the voltage Vo measured across

the device relative to ground but with a current IO(O+)
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flowing to discharge C as shown in Fig. 1lb. Since Ry is a
single valued function of V, the current immediately preced-
ing the switch opening I(0-) must equal that immediately
following the switch opening. Observing the transient decay

of Vo(t) then allows the small signal C to be determined by

I1(0-)
dVO/dtlt=O

I(0+)
dvo/dt't=0

Q

(13)

as long as dVO/dt is measured over small voltage excursions
and small time periods compared to any transient time con-
stants so that all the elements of the circuit can be approxi-
mated with linear, time-invariant values. Since Vo(t) and
I(0-) are directly observable, this provides a useful measure-
ment technique whose accuracy is undeminished by large

current values. As long as the series resistance remains

low, this equivalent circuit treatment is general enough to
handle the capacitance behavior of a standard P-N junction
depletion region or the charge storage behavior of a space-

charge-limited current region.
RESULTS AND DISCUSSION
The experimental sample was fabricated by the Institute of

Energy Conversion, University of Delaware by vacuum deposit-

ing approximately 25 microns of n-type CdS unto a zinc
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plated, copper substrate to form a polycrystalline Cds

layer. The sample was etched in HC1 and then dipped for a
few seconds into a 90°C CuCl solution to form a p-type CuxS
layer on the order of 1000-2000 angstroms thick. A 15 hour
heat treatment at 170° C in hydrogen-argon gas followed.

The sample was cut into a square of 3.80 cm2 area and a
gold-plated copper grid and mylar plastic cover were attached
to the CuXS with epoxy by clamping the sandwich of materials
into a vacuum hydraulic press for 0.5 hour at 190° C. A
final treatment for one hour at 170° C in hydrogen=-argon
produced a cell whose dark and light I~V properties are as
shown by the data points in Fig. 2. In a simulated, air-
mass-one intensity of 100 mW/cm2, the light exposed measure-
ments gave an open circuit voltage of 0.512 Vv, a fill factor
of 0.699, a short-circuit current density of 17.0 mA/cmz,
and a conversion efficiency of 6.08 percent. The light
entering through the CuXS is strongly attenuated before
reaching the CdS because of the high Cu S absorption constant
(33). The current density and capacitance per unit area

were obtained by dividing actual current and capacitance by
the 3.80 cm2 square area with no correction for surface

roughness that makes the actual cell area larger than its

projected 3.80 crn2 value. The J-V data was obtained with an
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X-Y plotter and representative values are given by the Figq.

2 data points.

The transient capacitance measurements were all made in the
dark with the circuit of Fig. 3 using the electronic switch
of Fig. 4. A square wave input voltage waveform of 400 Hz
repetition rate caused the switch to open for the positive
part of the applied input voltage. The desired current
values were obtained by adjusting the applied dc voltage.

The current I(0-) was obtained by measuring the amplitude of

the voltage across a test resistor R, during the "on" condi-
tion. The transient‘voltage VO (t) and the voltage across
RT was processed by a Tektronix Model 5A22N differential
amplifier with variable dc voltage offset before being fed
into a Princeton Applied Research Model 162, box-car averager
and then into a Hewlett-Packard Model 7044A X-Y recorder.
This circuit was used for both forward and reverse bias
measurements. Comparative reverse bias capacitance values
were obtained with a Hewlett-Packard Model 4270A automatic
capacitance bridge that utilized a 100 KHz sinusoidal test
voltage. Repeatability was improved for the forward bias,
transient capacitance measurements by leaving the square
wave signal applied to the sample at the highest value of

forward bias "on" voltage of interest for 24 hours before

data was taken. Measurement at d.c. bias voltages below

63
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this maximum were then obtained at approximate 10 minute
intervals for monotonically decreasing bias values into the

reverse bias region.

If the J-V data of Fig. 2 are replotted on a log-log scale,
the dependence shown in Fig. 5 is obtained. For conven-
ience, the light generated, short circuit current density J
has bheen added to the light data to make it pass through
zero when V equals 0. The fit of this data by the analytic,
single trap theory of Egs. 1 and 2 for the parameter values
given in Table I are shown by the solid line curves assuming
that the light generated, short circuit current Jg, is super-
imposed on the SCL limited current. The L value was obtained
using Eq. 12 and the measured value (given below) of device
capacitance in the dark at a forward bias of 0.276 volts
assuming a high resistivity CdS layer formed by Cu diffusion.
The increase of mobility and carrier concentration with
exposure to 100 mW/cm2 white light indicated in Table I
compares well to the absolute values of the increase in p of
from 1.0 to 10 cmz/V—sec and to the factor of three relative

16/cm3 after exposure to

increase in n, of from 3(1015) to 10
50 mW/cm2 white light reported by Wu and Bube(34) for copper

compensated, polycrystalline CdS formed by vacuum deposition.
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Such an increase in u with light has been widely reported
for copper doped CdS formed by vacuum evaporation (35,36}.
The trap density and electron mobility values reported here
also compare well to the 2.5(1014) traps/cm3 and 18 cm2/V-
sec respectively reported by Pizzarello (37) for SCL current
in high resistivity polycrystalline CdS films formed by
vacuum deposition. These polycrystalline trap densities are
about an order of magnitude higher than those reported by
Marlor and Woods (38) and by BRube (39) for single crystal
CdS. The energy location of the traps in the band gap is
consistent with the 0.4 and 0.5 eV range reported for Cds
single crystals (38,39). The dark resistivity in the 108
ohm-cm range specified by n, and u are typical of the higher
values reported in polycrystalline CdS films in which SCL
current has been observed (40,41). This fit indicates that
the cross-over phenomena is well modeled by light causing a
factor of three increase in the conduction electron concen-
tration at low voltages (in the Ohmic region) and by a
similar increase in electron mobility through these para-

meters' influence on V as described by Egs. 1 and 2.

TFL
Presumably the light removes some charge from scattering
centers or modifies the barrier height around the grain
boundaries (35,36,42) so that mobility is increased. To the
best of our knowledge this is the first theoretical model
that quantitatively fits the dark and light J-V character-

istics of CuxS/CdS solar cells for reasonable parameter

values.
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From Fig. 5, note that current rises rapidly for the higher
V values. The slopes approach straight lines with high m
values but with lower magnitudes than specified by the near
vertical dependence of the solid line curves of the single
trap theory. The fit of these data with the approximate
theory of Egs. 9-11 and the parameter values of Table II

are shown by the solid line curves in Fig. 2. Again the
light generated current was assumed to superimpose on the
SCL current. The VTFL values were obtained by the inter-
section of two straight lines in log-log plots like Fig. 5.
One line is determined by the high voltage data asymptoti-
cally approaching a straight line. The other line had unity
loa-log slope and passes through the lowest voltage data
point assumed to lie in the Ohmic region. The L value was
taken from measured capacitance as described above. The
mobility values were taken from Table I so that ng values
could be obtained from Eg. 11 using the lowest voltage data
point assumed to lie in‘the Ohmic range. The Pio values are
consistent with the Table I results, since they are less
than the N, concentration. The approximate multi-trap n

t
values are on the same order of magnitude as the single

o

level theory valués of Table I. The rate of current rise
with voltage implied by the m values are consistent with the
rises observed experimentally in polycrystalline and single
crystal Cds samples that exhibit SCL current (32,39,41).

Note the agreement with the m values of 5 to 7 reported by
McGarthy and Yee for Cu compensated, single crystal CdS in

the dark (43).

66
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A typical transient voltage waveform Vo(t) used to determine

C values is shown in Fig. 6 for the case of "on" voltage of
0.276 V forward bias and I(0-~) of 0.633 mA. After about 0.5
microsecond of switching transient following the switch
opening at about 3 microseconds, the curve settles into a

well behaved decay transient with a dv/dt value of

t=0
1.55(104) V/sec as indicated by the broken straight line

which specifies a capacitance per unit area of 10.7 nf/cm2
Since heat treatment is an important fabrication step, the
transient capacitance values were taken as a function of heat
treatment in addition to the fabrication heat treatment
described earlier. This additional heating was performed in
air at 180°C. The Fig. 6 data is for zero additional treat-
ment. The measured variation of capacitance with the dc

bias "on" voltage is shown in Figs. 7 and 8 as a function of
additional heat treatments of from 0 to 170 minutes. Note

that a relatively constant value is found until dc bias
voltages in the 0.3 to 0.4 forward range are reached. At

that point a persistent drop with increasing voltage is seen
that goes through a maximum after 40 minutes of additonal air
heat treatment. Such a decrease in capacitance with increasing
bias voltage is not consistent with standard P-N junction
models of junction capacitance ( 30). However, a capacitance

anomaly is anticipated for SCL current at bias voltages
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approaching the TFL in the 0.3 volt range such as indicated
by the dark data in Fig. 5. A similar drop in capacitance
with increasing forward bias has been reported by Dresner
and Shallcross (40) in vacuum deposited, polycrystalline Cds
of high resistivity to which a Te Schottky barrier contact
and an Au Ohmic contact had been applied. They apparently
also used some type of square-wave modulation measuring
technique but of an unspecified form. As with the present
data, their drop corresponded to the part of the J-V curve
where the observed SCL current approached the TFL. These
results are also consistent with the experimental data of
Ruppel (44) on high resistivity CdS single crystals that
showed the rate of change of charge storage in the samples
goes through a minimum at voltages where the J-V curve
approaches the trap filled limit. Since C = d4Q/d4Vv, a sharp
drop in small signal capacitance is thus also indicated.
Calculating an L value from Sullivan's data (29} for the
diffusion constant D(T) of substitutional copper in CdS as

a function of temperature T specifies

ED D(T, )bt (14)

9
-

where Ati is the heat treatment time spent at temperature
T.,. For the original fabrication heat treatments (no addi-
tional air heat treatment), this gives an T, valus of 4(10-5)

cm within a factor of three of the L value obtained from
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the measured C values as listed in Tables I and II.

For consistency, the reverse bias capacitance was also
measured using a sinusoidal voltage capacitance bridge after
30 and 170 minutes of additional air heat treatment as shown
by the solid lines and square data points in Fig. 9. For
comparison, the transient measured values are shown as the
diamond shaped data points. Under reverse bias, the a.c.
bridge has the higher accuracy. The transient data scatter
about this a.c. data gives a measure of the experimental

error for the transient technique of less than 20 percent.

For the reverse biased case, the efficient electron-injecting
contact required for space-charge-limited current (31) is of
course no longer present so that standard p-n junction
capacitance behavior occurs as has been well established
experimentally (45-47). Plotting the a.c. data of Fig. 9 as
1/C2 versus voltages shows a slight slope to the data that
specifies a CdS carrier concentration (the CuS is degenerate)

17

of about 10 /cm3. Using this with Wu and Bube's mobility

values (34) then gives resistivities in the 1 to 10 ohm-cm
range typically measured on the CdS films.

SUMMARY AND CONCLUSIONS

The purpose of this study was to evaluate SCL current theory
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as a model of the gross electrical behavior of CuxS/CdS
heterojunctions. An analytic, single trap theory gives a
reasonable fit for the logarithmic variation of J and V

using parameter values well known to be characteristic of

SCL current in CdS. The cross-over is quantitatively explained
by a three-fold increase in conduction electron concentration
and mobility upon exposure to light as widely reported in

the literature for evaporated CdS films. The non-infinite
slopes of log J - log V past the TFL indicated multiple

traps are present. A simplified, multi-trap theory provided
an excellent fit of the linear J-V data in the dark and in
the light with parameter values consistent with the single
trap theory results. This provides the first theory to
quantitatively model the dark and light cross-over phenomena
and the non-exponential dependence of J on V for reasonable
parameter values to the best of our knowledge. These results
are consistent with the! non-exponential J-V properties
reported by Riben and Feucht for another heterojunction

structure (24).

The development of a transient technique allowed capacitance
to be measured at high forward biases. Anticipated changes

in capacitance were found at forward bias voltages approaching
the TFL and of a form consistent with prior measurements in

CdS. Time intervals of microseconds and voltage excursions
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of hundredths of a volt.appeared to be small enough so that
the linear, time invariant expressions for capacitance gave
useful results. The J-V properties of CuxS/CdS heterojﬁnc—
tions have been known for years (2,3). It was the unique
behavior of the forward bias capacitance as reported here
for the first time that provided new evidence of the inade-
guacy of standard P-N junction models and that motivated the
pursuit of the alternate SCL current model. The analytic,
single trap expressions for J and V were found to be very
useful for modeling the observed behavior. Because of their
parametric form, some care had to be exercised in selecting
the n(L)/nO parameter values. Figure 10 shows how J varied
with the rather non-obvious range of n(L)/nO values used to
provide the fit of the light exposed J-V data in Fig. 5.
Perhaps it is this difficulty in specifying this parameter
range that led Lampert and Mark (31) to describe these
analytic expressions as "unwieldy and of correspondingly

limited practical significance."

The superposition of the light generated, short-circuit
current J, on the SCL current provided a surprisingly good
fit of the data. Such superposition had not been antici-
pated because of the complex mechanisms proposed for minority
carrier collection at CuxS/CdS junction regions (48,49,50)

However, such superposition of light generated current on

71
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dark current is routinely observed in simpler heterojunctions
and homojunctions (30). Apparently, the heat treatment
process drives copper from the CuxS into the CdS to form a
high resistance layer that lowers the forward current tending
to short out the light generated reverse current at forward
bias voltages. By procésses that have yet to be explained,
this insulating region does not appear to seriously reduce
the minority carrier collection. This effect, if verified

by further studies, would be similar to the beneficial
influence claimed for the insulating region in MIS solar
cells (51,52). The voltage dependence of capacitance reported
here has some similarity to that reported on MIS devices

(53).

Current rectification with Ohmic contacts to an insulating
SCL current region is not expected (27,31). However, the
rectifying properties of CuxS/CdS devices with SCL current
for forward bias, 1s similar to that widely reported for a
Schottky barrier and an Ohmic contact to polycrystalline,

thin~-film (40,54,55) and to single crystal Cds (56).

This study indicates that the transport in heat treated,
CuxS/CdS heterojunctions is dominated by space-charge-
limited current mechanisms and relationships that differ

sharply from the thermionic-emission-over-a-barrier, the
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tunneling mechanisms, or the diffusion-limited transport
typically used to describe such heterojunctions(30). Further~
more SCL current behavior has been reported for a P-N
heterojunction formed on n-type ZnSe with either a GaAs (57)
or a Ge (58) p-type layer. The high resistance ZnSe layer
next to the junction in these devices gave the characteristic
logarithmic dependence of current on voltage rather than
exponential behavior. Exposure to light for the GaAs sample
gave a photovoltaic effect with obvious cross-over (48) like
reported here for CuxS/CdS as shown in Fig. 2. This ZnSe
work was not described by a quantitative theory such as Egs.
1 and 2 and thus did not give direct comparisons of theory

to experiment nor specify the energy band location of the

traps as given by the present work.
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Table I The parameter values used in the analytic, single

trap theory to fit the experiment data as shown in

Fig. 5
n_ (Dark) 6(10°)/cm’
(Light) 2(101%) /cm?

p(Dark) 10 cmz/V-sec
(Light) 30 cm?/V-sec
N, 6(107%) /em?
EC—Et | 0.442 eV

L 1.33(107%) cm
e/e0 10

m*/m_ 0.2

T 294 °K
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Table IT The parameter values used in the approximate,
multi-trap theory to fit the experimental data as

shown in Fig 2.

- Dark Light

Vopr, (V) .43 .33

Py lcm ™) 1.03(101%) 1.34(101%)
m 5.6 9.0
no(cm‘3) 2.32(101°) 2.77(1019)
p(cmz/v-sec) 10 30
L(cm) 1.33(107%) 1.33(10°%)
e/e 10 10

o
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ABSTRACY

The unusual behavior of Cu_5/CdS solar cells is
better described with spacé-charge-]imited current
(SCL 1) than with standard junction models. The
SCL I theory provides the first quantitative
explanation of these devices' [-V characteristics
including their non-expanential form, the dark-
light crossover, the temperature independent slope
in addition to qualitatively modeling the voltage
variation of capacitance. This is accomplished
with trapping parameter values well known to be
characteristic of Cu compensated CdS. It indi-
cates that the voltage dependence of current f{s
controlled by mechanisms entirely different than
previously proposed with important implications
for device fabrication and optimization and ulti-
mate device performance.

INTRODUCTION

The unusual electrical properties of Cu_S/CdS
solar cells have long presented charactdristics
that have been difficult to model quantitatively.
Gross behavior such as the dark-l1ight crossover of
the I-V, the non-exponential dependence of I on V,
and the temperature independent slope of the I-V
(1-5) have not been adequately explained. Analy-
sis of this paper shows that such behavior is well
described by a space-charge-limited current

{SCL 1) model that is controlled by physical
mechanisms that are distinctly different from
thase invalved in standard models (4-7).

THEORY

SCL I models have distinctive voltage and tempera-

ture dependences unlike that of standard theories.

Qualitatively SCL I has a voltage dependepice that

sequentially zhows 1 proportional to vV, (m>2),

and finally V¢ for increasing current (8). This

I-V shape is preserved at any temperature as long

as SCL I mechanisms dominate. The capacitance for

~Fork performed in part under the auspices of
the U.S. Department of Energy by the Lawrence
Livermore Laboratory under contract number
W-7405-ENG-48.

**Present address: W. L. Gore and Assoc., Inc.,

Newark, Del. 19711

~=«present address: Elect. Eng. Dept., Calif.
Polytechnic State Univ., San Luis Obispo,
Calif. 93401

the linear, resistive region is just its geometric
value € A/ independent of volitage. Here ¢ is the
dielectric constant, A is the cross-sectional aEea
and L is the width SCL I region. For the [ « V
region, SCL I theory shows that this capacitance
is increased by the factor 3/2 (8). The transi-
tion between these values occurs in the [ «
interval., Empirically this transistion has been
observed to involve a sharp drop in capacitance
zg; ?g% 1 produced in thin film, polycrystalline

The quantitative relations between current and
voltage with an arbitrary distribution of traps is
obtained with numerical integration. Considering
the simplest case of a highly compensated (dS
layer (due to Cu acceptors) of width L with uni-
form concentrations of equilibrium conduction
electrons n_ and electron traps Nt' with the traps
located on dn energy E 'Et' below the conduction
band edge, allows Gaus$'s Jaw for the region to be
written as

HEI [n(x) -, - Z{pt.i(x) - pm}l

! ()
where £(x) is the electric field, x is the space
variable, e is the electronic charge, n{x) is the
non-equilibrium conduction electron concentration,
and p,. (x) and p,._ are the non-equilibrium and
equi]?ﬂrium conceﬁ%?ations of holes in the ith
trap respectively. [t is implicitly assumed in
this expression that the build-up of non-equili-
brium space charge is so dominant that the pres-
ence or absence of a small initial, equilibrium
space charge has negligible effect on the results.
This is reasonable for the small equilibrium space
charge present in a highly compensated and de-
pleted CdS layer.

The second assumption, that is standard for SCL I
(8), is that current is dominated by drift alone
so the current density can be used to specify the
carrier concentration by

n(x) = E;E%;T (2)

where J is the current density and u is the mobil-
jty. Substituting this back into £q. 1 gives the
primary differential equation as



dx ek(x) T e :
1 1 7
I ) R 3)
—r1 + 1 Nieui,lx,
since

¥ wEn (@)

with Ni defined by

_ Ec - By
N=Ne O (5)

so that
_ Eti - Efnjx}
ﬂ{‘ﬁ.e K . (6)
i

Here E. . (x) is the quasi-Fermi level for conduc-
tion efbctrons and N_ is the effective density of
states (10). SimilaPly
’ N
ti
Prio ~ Zno : (7)
- ¢!
i
The required single boundary condition for finding
E(x) is (see Eq. 2)

§0) = greT (8)

The third assumption, also standard for SCL [ (8),
is that n(0) > >1. This condition was found to be
sufficiently satisfied for accurate numerical 5
integration of £q. 3 to give £(x) when n(o) = 10
n_. Again numerically integrating this §(x)
rdsult finally gives the voltage V for a specified
J as

L

Vs~ f &(x)dx. (9) .

0

Note that this current-voltage relationship is
totally specified by the concentrations n_ and
Nti’ the energy spacings Ec - Eti’ the coﬁpensa -
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tion width L, and the mobility u.

In contrast, standard treatments of P-N junction
transport indicate that current is exponentially
related to voltage divided by temperature T (§,7).
Tunneling models indicate that current is rather
independent of T and the simplest treatments show
that ft is exponentially related to voltage (4,5).
However quite varied relationships between -V
are seen in tunneling devices such as Zener and
tunnel diodes so that a single required tunneling
characteristic can not be specified.

" RESULTS

Cu,S/CdS samples A and B were fabricated at
LaWrence Livermore onto a vacuum deposited CdS
substrate with the Cuxs layer formed by reactive
sputtering. Sample C"was constructed by the
University of Delaware's Institute of Energy
Conversion by wet-dip formation of the Cu S layer
onto a vacuum deposited CdS layer. All sdmples
were extensively heat treated.

Figure 1 shows the dark and light (simulated AM1)
J-V characteristics measured on sample A. For
convenience, the short circuit current density J
has been added to the light data to make J + J, §o
to zero when V is zero. This allows plotting 511
the data on the same logarithmic scales. Note
6Rat both data sets exhibit the distinctive V and2
regions with the light data also showing the V
region of SCL [ for current variations over 4 to 6
orders of magnitude. Measuring J in the Tight 2
near zero voltage involved currents jg the mé/cm

so that current changes less than 10 ° mA/cm® were
not measureable for the 1ight data.
102 T
v2—" )
10! Q Light 5 =
Qa Dark 1
vm 1
100 ..\ igi- E
&; 10-1 (VAR z Vm—:'
S \ .
P A ]
< 102 ~ 3
_ 3
-3 1 -
S 1073 \’/f-\:’{ 3
1074 s =
10°5 ;}Y;/H 3
]
100 Ll g
10°8 10-¢ 10-3 102 10-' 100 10!

V (volts)

Fig. 1. The dark and 1ight (AM1), current-
voltage characteristics of sample A that demon-
strate the distinctive SCL ! behavior.
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3
Similar measurements as a function of T were taken line CdS using thermoelectric techniques. Similar
on sample B and plotted in Fig. 2. In addition to SCL I behavior was found in p-GaAs/n-InSe hetero-
the vV and V" regions, the temperature independent Junction solar cells as reported by Balch and
slopes characteristic of SCL I are clearly shown. Anderson(14).
The curves definitely do not exhibit exponential
dependence on V/T. All of the published data of When this sample C data and theory are plotted on
temperature dependent J-V curves for Cu_S/CdS linear scales the excellent agreement shown in
cells have shown similar results with nBne demon- Fig.4 is obtained. This graph shows that sample C
strating the exponential 1/T behavior (3-5, 11). has an efficiency of 6.1 percent, a J, of 17 mA/cmz.

an open circuit voltage of 0.51 v, anlt a fin

factor of 0.70. To the best of our knowledge this

10° model provides the first quantitative fit of this
| dark-1ight crossover behavior that is character-
i istic of Cu _S/Cds solar cells. This same cross-
: | over is seeffl when the Fig. 1 data is replotted on
} linear scales. The dark capacitance-voltage
T ﬂ properties of sampie C were obtained far into
! I forward bias region using a transient technique
! similar to that of Dresner and Shallcross {9) with
! an accuracy that fs undiminished by large current
i flow. The results are shown in Fig. 5 for various
& : N | heat treatment times given the cell at 180°C in
2 ot Te190°K - air. Note the sharp drop in capacitance at around
g f . | 0.3 ;a 0.4 volts. From Fig. 3 this corresponds to
= [ T=284K i the region where an anomaly is theoretically
; : indicated and where such behavior has been pre-
i viously observed with SCL I(9).
1073 =
l
. Te9oK } L A
; ™\ : [ —— Theory
: ! O C Experimental data
10-4¢ - 60
10-2 10 ! 10}
V, voits
%
Fig. 2. The temperature dependent, current- fi
voltage properties of sample B that show the T e 100
independent slope characteristic of SCL [. =,
=
The dark and light J-V properties measured on :

sample C are shown as the data points in Fig. 3
demonstrating the same properties as sample A.

The theoretical fit of this data by the numerical
integration, SCL I model is shown by the solid
curves. For the theoretical curve, it was assumed

10-}

2
that the short circuit current superimposes on the 107 ) . 100
SCL I with 1ight exposure. The parameters that 10 10
gave this fit are n = 2.7 (lo]o)cm'3 (1ight) and V (volts)

9(10%)cm™3 (dark), = 20 cm?/V sec (11ght) and

2 . 14y -3
7 em®/V ?:c (da;k), Ngp = 1.300077) e (1ight) Fig. 3. Logarithmic plot of the current-voltage
and 7(10'%) em™ (dark}, E. - E4p = 0.30 eV, Nyy = properties of sample C as shown py the data points

14y -3 . ‘ -4 for the dark and l1ight. The solid curves are the
5.1 (1077) em™", Ec - Epp = 0-44 &Y, L= 1.330107) SCL I theory fit obtained with numerical integra-

cm, €/€.= 10, m;/mo-o.z, and T = 294°K. The L was tion.
determined from zero bias, dark capacitance. The
mﬁ and m_ are the conduction electron's effective , CONCLUSIONS
ahd free masses respectively. These parameter Measurements taken on Cu S/CdS solar cells of u

i P
values are typical of those reported for CdS. The - : .
trap Tevels and densities are close to those to § percent efficiency fabricated by two differ

ent processes at different locations indicate that
measured by Grill SEEEL(12)d°n si?gle crgs::ligds the -V characteristics as a function of tempera-
using DLTS. The dark n, and u values an ture and light and the C-V behavior demonstrate
change in light are appfoximately those found by iahl LS ;
Wu and Bube (13) on Cu compensated, polycrystal- the highly distinctive properties of SCL I. The



current data definitely do not have the exponen-
tial ¥/T dependence of standard P-N junction
models (6,7) or the exponential ¥ variation of
simple tunneling models (4,5). While tunneling
current can exhibit a wide variety of behavior, it
would be highly fortuitous if it had exactly the
same properties as SCL [. Such I-V mimicing by
tunneling has never been reported to the best of
our knowledge. The fit that the SCL I model gives
for the data is the first quantitative agreement
that has been obtained for the dark and light
properties. This was accomplished with parameter
values well known to be characteristic of the
involved materials and is in a form like that seen
for another heterojunction solar cell.

20 T T L S T T
I O O Experimental data -

10

1 (tnA/cm?)
o

-10

0 0.2 04 0.6 0.8
V (volts)

Fig. 4. Linear plot of sample C's measured data
points and the numerical integration, SCL I theory
given by the solid curves.

This indicates that the trap structure in the Cu
compensated CdS layer controls the voltage depend-
ence of current rather than the mechanisms of
standard junction theory. Since these parameters
have never been monitored in cells, they likely
account for the non-repeatability often encoun-
tered. New calculations of yltimate device per-
formance based on these results appear to be in
order. This SCL I analysis is new so that only
part of the cell behavior has been modeled so far.
Continuing work is proceeding to use this approach
to treat minority carrier collection, the energy
band diagram, the reverse bias characteristics,
and the photocapacitance,
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Fig. 5. The dc bias voltage dependence of sample

C's small signal capacitance measured with a
transient technique.
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Summa

The slope of data plots of the logarithm of electron-beam—~induced-
current (EBIC) versus beam position directly specify the minority carrier
diffusion length (L) for the special case where the beam-induced genera-
tion volume can be considered a point source many diffusion lengths away
from external surfaces of a planar sample. Restricting the acceleration
voltages (E ) so that the Gruen range (R,) is less than four times the
diffusion lgngth being measured allows tﬁe generation volume to be
‘considered a point source as far as the influences of the surface parallel
to the junction and the intersection of the junction with the generation
volume are concerned if the thickness of the measured region is greater
than or equal to 2L. Consideration of the surface perpendicular to the
junction indicates that Eo should be further restricted so that R, <
0.84L. This allows L values to be determined to within 15% simul%aneously
with recombination velocity values (V_,) normalized by the diffusion
constant (D) to within 207 by curve f%tting semilogarithmic EBIC gata.
This gave L(CuZS) - 2.25 pm, L(CdS) = 0.40 pm, V_ /D (Cu,S) = 4(10)/cm
and V_/D(CdS) = 5(10 )/cm for a Cu,S/CdS heterojunction. Two tellurium
doped GaAs Schottky barrier samplesahad L values of 3.0 and 6.0 microns
with a single VR/D value of 3.3 (10")/cm.

*Work performed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore Laboratory under contract number W-7405-~ENG-48.
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INTRODUCTION

Minority carrier diffusion length is a parameter that strongly
influences the conversion efficiency of solar cells(l). In the ideal
case with minority carrier generation by a point source at a distance x
away from the planar boundary of a p-n or Schottky barrier junction
space-charge-region (SCR), the induced short circuit current Isc(x) is
given by

I (x) = 1(0) e (1)

if the influences of all the exterior surfaces are negligible where L is

/L

the minority carrier diffusion length and I(0) is a constant directly
proportional to the strength of the point source(2). The L value is
simply obtained from the slope of log Isc(x) versus x data. The highly
focused beam of a scanning electron microscope (SEM) can be used to
provide the energy to generate minority carriers in localized regions of
semiconductor samples that in some cases can approximate the ideal case
above so that accurate values of L can be obtained from log current

versus beam position data(3).

A typical experimental configuration is shown in the insert of Fig.
1 where the electron beam is scanned along an outer surface of a planar
device in a direction perpendicular to the collecting junction SCR. 1In
general the effect of this perpendicular beam-entry surface is not
negligible and any other surfaces not located several diffusion lengths
away from the generation volume also influence the experiment. In
addition, the generation volume can’' not be considered a point source
when its physical size is on the same order as the thickness of the
sample region being measured or the diffusion length value being measured.
The purpose of this paper is to define the conditions that allow the
Fig. 1 configuration to be used to obtain data that can be analyzed by
using Eq. 1 or by using simple modifications of it.

2. Background

The new information developed in this paper describes the effect of
the perpendicular beam-entry surface. The influence of the surface
parallel to the junction was treated by Oakes EE.EL(A) using Hackett's
analysis(5). These workers defined a distance t between the edge of the
SCR and the parallel outer surface. For t 2 2L, worst case errors no

larger than + 15% and -15% were encountered for surface recombination
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velocities of zero and infinity respectively if the slope of log I
versus x was measured at x = 0.75 L. When the surface recombination
velocity VR equaled the diffusion velocity Vd (Vd is equal to D/L where

D is the minority carrier diffusion constant), this error reduced to

zZero.

The physical size of the generation volume is described by the
Gruen range RG(6). To be able to excite a single region of the sample
and to still remain far enough away from the parallel surface at t,
Oakes et al's arguement implies that RG should remain something less
than 4L if the effective width of the generation volume is estimated as
RG/Z. Similar conditions on RG are imposed by the results of Shea et
al(3) whose experimental data for single crystal samples is given in
Fig. 1. At higher electron beam accelerating voltages Eo’ RG which is
proportional to Eo to some power, becomes too large. This gives log
Isc(x) versus x data that has a curvature well fit by a Gaussian-shaped,
universal, lateral- dose function(3) such as the 15, 18, and 20 kV data
in Fig. 1. The slopes of the curves then bear no relatiomship to L but
simply monotonically decrease with increasing RG and Eo. To prevent
this, they found that RG should be kept less than 4L in value which, for
the Fig. 1 data, occurs and Eo less than 13 kV and 15 kV in CuxS and CdS
respectively. Unfortunately this brings the center of the beam-induced
generation volume within a few L of the perpendicular, beam-entry sur-
face. If this surface has a recombination velocity greater than zero,
curvature is introduced as can bé seen for the 5 kV data in Fig. 1.

Such curvature, due to the influence of the beam—entry surface, is even
more evident in the electron-beaminduced-current (EBIC) data on GaAs
Schottky barriers obtained by Sekela et al(7) using a similar experi-

mental technique. These data are given in Fig. 2.

3. Theoryv

The worst case of generatijon by a point source located right on the

perpendicular beam—-entry gurface has been analytically described by

van Roosbroeck using Green's functions(2). His results are shown in
Fig. 3 as the logarithm of the fraction of collected minority carriers Q
as a function as the normalized distance x, = x/L of the surface point
source from the planar boundary of the collecting SCR of the junction.

Different curves result for different values of normalized surface
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recombination velocity S = VR/Vd. If S = 0, then a straight line curve

exactly modeled by Eq. 1 is obtained. For higher S values, curvature
similar to that seen in Fig. 2 is .evident. For X, > 2, the curves begin
to approach a straight line but with a slope slightly greater than that
specified by -1/L. If one uses the tangent of these curves at x, = 2

to define an effective (measured) diffusion length Lm’ then the ratio of
the true diffusion length L to Lm is specified by van Roosbroeck's
results(2). This ratio is plotted in Fig. 4 as a function of S. Note
how the error rapidly rises to around 152 at S=2 but then appears to
saturate at something above 25% for S greater than 20. An upper limit
for S=o was provided by Berz and Kuiken(8) who showed that a maximum
error of 312 is obtained in the realistic case of generation at some
small, finite depth h below the beam entry surface where h << L and Lm
is obtained for data where L < x <2L(9).

If the accelerating voltage can be kept sufficiently low (so that
RG is low), then most minority carriers are generated near the beam—
entry surface and the experimental data should begin to approximate the
van Roosbroeck results. The relation of RG to Eo can be obtained from
the universalized, beam penetration and energy dissipation studies of
Everhart and Hoff£(10). The%r results specify RG in any material (solid,

liquid, or gas) as

E \b
-11, A 2 0
RG = 1.03(10 )-Z_p; CE* <§'> (cm) (2)
where
E* = [8.37(107°) + 5.04¢1075)z7 1 %12 (k) 3)

for Eo in kV. Here Z is the atomic number; A, the atomic weight;

and p, the density in g/cm3 of the material struck by the electron beam.,

The constants C and b are determined by the range of EO/E* values used

experimentally and are specified in Table I. Here the relationship of

the Gruen range RG to the Bethe range RB used by Everhart and Hoff has

been taken as RG/RB = 0.81 as found by Shea et al(3). The above is

formulated for elemental materials. When compound material is used,

average values of A and Z can be obtained by

-1 3 2 ®)
m i

and i=1
A= A/m (3)

where Zi is the atomic number of each of the m atoms contained in a
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basic unit of the material of total atomic weight A. This gives the
specific values for CuZS, CdS and GaAs as shown in Table II. The

overlapping ranges of Everhart and Hoff's expressions give RG values
that agree within about 20Z. This is one indication of the expected

accuracy of their model.

4. Regults

The 5 kV results of Fig. 1 for CuxS/CdS were renormalized and
replotted versus x/L for various trial L values. The best agreement
between this data shown as circles and squares in Fig. 5 and the solid
line theoretical curves of van Roosbroeck was obtained for L(CuxS)
equal to 0.25 um and L(CdS) equal to 0.40 um. The corresponding RG/L
values of 0.84 for the cuzs and 0.70 for the CdS are certainly much less
than 4. These L values are near the upper limit of the minus 207, plus
40% error bounds for L values previously reported for CuxS/CdS fabri-
cated on single crystal CdS (3,9). These earlier values had not been
specifically corrected for the beam-entry surface effects but the errors
bounds had been selected to include the possible uncertainties caused by
this surface and other effects. Taking S equal to 1 and 2 as indicated
in Fig. 5 respectlvely for the CuZS and the CdS specifies V /D values
v /D = S/L) of 4(10 )/cm for Cu,S and 5(10 )/cm for CdS. These agree
to withln 20% with similar values measured by entirely different tech-
niques of scanning the beam across an external surface which were reported
earlier(9).

Sekela, et al's 25 kV data for n-GaAs Schottky barriers of Fig. 2
were also renormalized and replotted as circles and squares versus x/L
for various L values as shown in Fig. 6. The best fit to van Roosbroeck's

theory shown by the solid line curves for S equal 10 and 20 was obtained

Table I. The values of C and b Table II. The coefficients for Gruen

as a function of Eo/E* range calculation follow-
ing from Everhart and
E_/E* Range C b Hoff's studies(10).
° A E*
5=50 0.95 1.51 Material (g/cm3) Z  (g) (kV)
10-100 0.68 1.62
50-500 0.34 1.78 Cu,S 5.60 24,7 53.0 0.234
cad 4.82  32.0 72.2 0.29

GaAs 5.31 32.0 72.3 0.294
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for L values of 3 and 6 microns. These correspond to RG/L values of
0.80 and 0.40 respectively. The S and L values for both samples specify
a single VR/D = S/L value of 3.3(104)/Cm for GaAs. The 3 micron L value
for their sample 40 is 25% higher than the.value they obtained from the
slope of a tangent line drawn on their curve. Such an underestimation
for S=10 1s consistent with the predicitons of van Roosbroeck's theory
as interpreted in Fig. 4.

9. Discussions and Conclusiouns

The curvéture in data’plots of the logarithm of EBIC current versus
beam position introduced by the recombination velocity of the beam~entry
surface perpendicular to the SCR junction of a planar sample can be
modelled by van Roosbroeck's theory(2) of point generatiom right at this
surface. Earlier studies dealing with the shape of the beam generation
volume and the influence of an outer surface parallel to the junction
(3,4) showed that a point source model accurately describes experimental
results as long as RG/L < 4 and the thickness t of the measured region
is 2L or greater. RG as a function of Eo is describable by Everhart and
Hoff's universalized results(10). The present study showed that data on
CuxS/CdS heterojunctions and n~GaAs Schottky barriers are well fit by
van Roosbroeck's curves for RG/L < 0.84 which enables normalized recom-
bination velocities to be determined simultaneously with diffusion
length with worst case uncertainties of 20 and 15% respectively that
decrease significantly for thick samples (t > 2L) and appropriate recom-
bination velocity values. Thus this study indicates that accurate
parameter values are obtained by fitting van Roosbroeck's curves if Eo

is regtricted so that RG is less than or equal to 0.84L.

Analysis of Cu S/CdS data gave L(Cu S) = 0.25 um and L(CdS) =
0.40 ym + 10% and V /D (Cu S) = 4(10 )/cm and V /D(CdS) = 5(10 )/cm *
15Z. Similar analysis of two tellurium doped GaAs samples gave L values
of 3.0 and 6.0 microns * 107 along with a single VR/D value of 3.3(104)
/em + 15Z.
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ABSTRACT

Electron-beam-induced-current techniques of a scanning
electron microscope have been extended to allow non-destructive
measurements to be performed on P-N heterojunction devices
consisting of thin layers sensitively influenced by surface
effects and under conditions where junction collection
efficiency is less than perfect. When applied to CuXS/CdS
solar cells formed on polycrystalline CdS with an epitaxial
CuxS layer that was heat treated at 180°C in a hydrogen-

argon ambient, the dominant change was found to be the

greater than two increases in junction collection efficiencies
to a maximum and then a decrease for treatment times up to

120 minutes. No significant variations were found in the
minority carrier diffusion lengths which remained in the

0.20 to 0.26 micron range for the CuxS and in the 0.41 to

0.46 micron range in the CdsS. The Cuxs surface recombination
velocity retained a constant magnitude equal to its diffusion
velocity. Optimization of the collection efficiency changes

should lead to improved device performance.
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INTRODUCT fON

Heat treatment is a necessary step in the fabrication of

high efficiency, polycrystalline CuxS/CdS heterojunction

solar cells (1-9). However, the important changes that

heating produces are only beginning to be understood. Of
primary importance are the parameters that describe minority
carrier behavior which essentially determines the current
output of solar cells(10). The minority carrier diffusion
lengths and surface recombination velocity are parameters
importaat in homojunction as well as heterojunction devices({10).
Losses in the space-charge-region (SCR) surrounding the
junction interface that are described by the junction collection
efficiency can become significantly large in heterojunctions

due to recombination through the high density of defects
associated with the junction mismatch of the two different
materials at their interface (11-~13). In homojunctions this
junction collection efficiency is often considered to be

perfect (100%).

Previously reported results (11), for destructive measurements
with the scanning electron microscope (SEM) showed the dominant
change occured in relative shifts in the junction collection
efficiency with no significant variations observed in either

the CuXS or the CAdS diffusion lengths or in the CuXS surface
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recombination velocity during air heat treatment. Thesec

data were obtained on samples fabricated on single crystal

cds with the Cu S layer formed topotaxially by a wet dip

in a hot CuCl bath. The sample configurations required did not
allow determination of the devices' I-V characteristics in

the light and the analysis gave only relative values of junction
collection efficiency. 1In the present work, the experimental
studies have been extended to consider sawmples fabricated on
polycrystalline, thin film CdS formed by vacuum evaporation

with the Cu S layers formed epitaxially by reactive sputtering
(14), and for reducing heat treatment ambients of hydrogen-
argon. Tha SEM analysis was modified to use the non-destructive
approach of Wu and Wittry(15) so that the light I-V characteristics
were readily obtained. Prior analysis(15) was extended to

allow studies of the thin device regions whose properties

are sensitively affected by surface phenomena and so that
absolute values of collection efficiency of the junction

were obtained.

THEORY

In normal operation, photons absorbed in solar cells provide
the energy required to break valence bonds and produce

excess minority carriers of increased energy. Excess majority
carriers are also produced in like numbers but cause such
small relative changes in concentration as to result in
negligible transport. Thus the current generated depends

almost entirely on what fraction of the minority carriers
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are collected and the vbltage attained depends on what
portion of the excitation energy remains after collection.
In SEM measurements, the bond breaking enerqy is provided by
the high energy electrons of the beam. Shorting of the cell
results in an electron-beam-induced-current (EBIC) that is
sensitive to the minorify carrier collection and the para-

meters that influence 1it.

The experimental configquration is shown in Fig. 1 where the
high eneray electron beam of an SEM strikes the top surface

of the P-type Cuxs layer and dissipates its energy in a

- tear-drop-shaped region where the excess minority carriers

are generated(16). As the beam acceleration voltage is
increased, the generation volume grows in size proportionately
so that excess minority carriers are produced deeper into

the device including the N-type CdS region. The universalized
shape of the rate at which eneray is lost in the material to
produce minority carriers as a function of distance below

the beam entry surface has been well described in normalized

form by Everhart and Hoff (17) as

d(E/fEO)

3
A (Y) = —"d(—x"/R‘)

= 0.600 + 6.21y - 12.40y° + 5.69y (1)

where E is the energy of the beam electrons, EJ is the bheam

acceleration eneray of the SEM, (1-f) ES is the fraction
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of the initial energy carried away by backscattered electrons,
and x is the distance below the beam entry surface. The R

is the Gruen range which is a measure of the distance a high
energy electron travels in a material before it loses its

excess energy and becomes thermalized and y = x/R.

The Gruen range can be specified in terms of the acceleration
enerqgy Eo in keV and simple materials properties using

Everhart and Hoff's results that indicate (17)

I%=B(Eo>1j2(mm. (2)

The coefficient B is determined by the struct material's
average atomic number Z, average atomic weight A, and mass
density p in addition to the ratio of the Bethe range to the
Gruen range used here. These details were given in an
earlier paper (18). The B values resulting for CuZS and Cds

are given in Table I.

If one has a three layered material such as shown in Fig. 1
with perfect collection for the layer between X4 and X, and
zero collection from all other regions, then the EBIC current
is specified by Everhart and Hoff's treatment (17) as

Y2

I(EBIC) _ £
I(Beam)E_ ~ E,(12) J/‘ Aly)dy (3)
¥y '




5 120

where I(EBIC) is the electron-beam-induced currvent flowing
through the device, I(Beam) is the amplitude of the incident
electron beam current, and EA(12) is the average energy
required to generate an electron~hole pair in the material
between X4 and Koo Here Yy = xl/R(Ol) and Yo = (x2 - xl)/R(IZ)
+ ¥y where the Gruen ranges of the materials are R(01)
between 0 and X4 and R(12) between X and X, respectively.
Since carrier multiplication processes such as avalanche
breakdown are not believed to be operative, the gain factor
discussed by Everhart and Hoff has been taken equal to one.
In the present work the above is extended to apply to the

CuXS/CdS device of Fig. 1 to give

I(EBIC) _ £ Y1
I(Beam)Eo EA(CuXS) A wl(y)A(Y)dy

£ Y2

A 5
£ s
+ E, (Cds) / waily) Adlyldy (4)
Y2

where the wi(y)'s describe the less than perfect collection
of minority carriers from each region and Yy = (x3-x2)/R(CdS)
t Y, t ¥y Here it has been assumed that there is a much
higher carrier concetration in the Cu,S than in the Cds
which causes the SCR to exist primarily in the CdS (see

Fig. 1).



—6— 121

Typically collection of minority carriers in a space charge
region (SCR) has been taken to be 100%. However to allow
for the possibility of recombination at the heterojunction

at Xy it will be taken as

wz(y) =N (5)

where 0 <71 <1.0. Minority carrier collection in the low
field regions outside the SCR is obtained from solutions to
the one dimensional diffusion equation applicable to planar
samples. If one considers the modified boundary conditions
such non-perfect performance of the SCR implies, it has been

shown that this equation leads to (19)

Yl'y
~ L(Cu_S)/R(Cu_S
wl(y) ( Uy )/R( Uy ) HSCR(CuXS) .
_2y
1 + B(CUXS) e L(CuXS)/R(CuxS)
5 (6)
L_l _ B(CUXS) o L(CuXS)/R(CuxS) i
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where
1 - sS/v
B = T 57
1 + 8 Vd (7)
. ) V*/Vd
SCR — _ 2y1 -
1 + 2 l + Be L/R
v, - 2
Va Yq (8)
Ll - Be L/R

and S is the recombination velocity of the surface of the

low field region opposite the SCR and D and L are the min-

ority carrier diffusion constant and diffusion length respec-

tively. The V* is a velocity characteristic of carrier

transport across the SCR whose magnitude is determined by an

integral involving the degree of band bending in this

region(19).

waly)

. o L(CAS)/R(CAS)

Likewise

- (Y = Yz*)

SCR(CdS) .
o L(CAs)/R(CAS)

- 2(y3* = yy*) (10)
1 - p(cds) e L(CAS)/R(CAS)

1 + g{Ccds)

— -
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where

*

. ) A Vd

R
SC - 2(Y3* - Yz*)
V*
1 + vo | Lt _Be_ L/R
d - 2(y3* - y2* (11)

1 - Be "L/R

and y2* = xz/R(CdS) and y3* = x3/R(CdS). In typical homo-
junctions, the band bending is sufficiently large compared
to XT where kX 1is Boltzmann's constant and T is absolute
temperature, that V* >> Vd and wl(y) and w3(y) reduce to the
expressions of Hackett(20) who treated minority carrier
collection in thin layers when perfect 3CR collection is
present. The above dependence is similar to that discussed
by Rhoderick (21) for Schottky bharriers where the degree of
SCR band bending determines the dominant transport mechanism
involved. When the low field regions of the device have
widths that are large compared to the minority carrier

difffusion lengths, the limiting expressions for junction

collection efficiency apply so that Egs. 8 and 11 give

*
_ \Y /Vd

"0 = * © T e e
Hoor = Bgcr = T VIV, (12)

This simplification also occurs for the special case where S

= Vg (see Egqs. 7, g, and 11). For these two special

cases, the Hg%R is similar to that also found by Crowell and
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Sze (22) for metal-semiconductor junctions. These limiting
H§%R values provide a useful estimate of the junction collec-
tion efficiency that take on a value of one for the perfect
collection case where V* >> Vd. A more detailed treatment

of the V* expressions is contained in Shea's Masters Thesis(23).

This present treatment is an extension of Wu and Wittry's
studies(15) in that imperfect junction collection is con-
sidered as described by V*, a three region device is treated
with a thin top film strongly influenced by the top surface

as modeled with S, and Everhart and Hoff's polynomial expression
for the generation volume was used. This earlier work(15)
considered geometries uninfluenced by surfaces, perfect

junction collection, and beam generation shapes approximated

by a displaced Gaussian.

III. RESULTS
The experimental samples were prepared on 1-10 ohm-cm,
vacuum deposited N-CdS approximately 30 microns thick with

carrier concentrations in the 1017/cm3

range as indicated by

-]
l/C2 measurements. After an HC1 etch, approximately 2000 A
of P—CuxS was epitaxially grown on the CdS by reactive

sputtering (14) followed by a vacuum deposited gold grid to

give a cell of 1 cm2 area. The whole structure was heat
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treated at 180°C in hydrogen-arqgon gas for the time periods
specified below. Monitor films obtained in parallel to the
CdS and Cuxs formation, allowed both film thicknesses to

be measured with a profiliometer with 20 percent accuracy.
Hall effect measurement performed on the CuxS monitor films

19/cm3 and hole

indicated carrier concentrations of about 10
mobilities around 5.0 cmz/V-sec(24) that justify the assumption
of SCR formation almost totally in the CdS. The EBIC data
was obtained with a Keithley 610R Electrometer and a Coates

and Welter Field Emission SEM using a beam current of about

0.1 nA monitored with a Faraday cup.

The measured current-voltage characteristics of sample A
exposed to simulated air mass 1 white light of 100 mW/cm2 is
shown in Fig. 2. This sample had been heat treated for 3
hours. The open circuit voltage was 0.447V, the short
circuit current was 13.1 mA/cmz, the fill factor was 0.603,
and the efficiency was 3.53 percent. The EBIC data measured
on sample A as a function of accelerating voltage is shown
by the data points in Fig. 3. For convenience the accelera-
tion voltage has been plotted as 1/2 R (CuxS) using Eg. 2.
This was earlier shown (16) to locate the approximate center

of the generation volume and thus allow the change in response



11- 126

versus the position of the generation volume in the sample

to be monitored. As can be seen this gives data very similar
in form to that produced by physically scanning the beam
along a cleaved surface perpendicular to the junction as
previously reported for the destructive SEM measurements on
single crystal substrate samples(19). In the present work

no data for accelerating voltages less than 2.5 kV were
utilized since the beam generation volume's shape begins to
differ significantly from Everhart and Hoff's universalized
forms for Eo values less than\those specified in their

treatment and listed in Table I (25-27).

The least-mean—séuared (LMS) error fit of these sample A
measurements with Eq. 4 1is shown by the solid line curve in
Fig. 3. The fixed parameters input into this expression are
given at the top of Table II. The CuxS and CdS thicknesses
were determined from the monitor slides using the profilio-
meter. The SCR thickness (x3-x2) was obtained from the zero

bias capacitance C(0) using
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where € is the CdS dielectric constant taken as 1060 and A
is the cell area uncorrected for surface roughness (that can
make true area somewhat greater than the area specified by
the sample's perimeter dimensions). The EA(CdS) was taken
from published values(28). The EA(CuXS) was taken as half
the CdS value assuming that such quantities are approxi-
mately proportional to the band gap of the material involved.

The f value was taken from published results(17,29).

The six parameters varied to provide the LMS fit are shown

at the bottom of Table II. These values were converged upon
by an algorithm that numerically calculated the gradient of
the mean-squared-error between the theory (Eg. 4) and the
data so that the fastest descent to the minima was specified.
Fortunately each of the fitting parameters affected different
parts of the curve in characteristic ways. In Fig. 4, the
solid theoretical curves show how L(CuXS) variations affect
the slope of the curve near the CuxS surface (corresponding
to the lowest acceleration voltages). For reference, the
sample A data is shown here and in the three following
figures. The CuxS surface recombination velocity determines
the curvature of the data near this surface as indicated in
Fig. 5. The vertical shifts caused by changes in the junction

collection efficiency for the minority carrier electrons
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coming from the CuXS are shown in Fig. 6. For reference the
corresponding H§ER = (V*/Vd)/(l + V*/Vd) values are shown

for each curve. With submicron diffusion lengths, the EBIC
properties are totally insensitive to the CdS surface recom-

bination velocity at the back niobium contact located some

30 microns from the SCR.

For comparison, the Table II values correlate quite well to
the L(CuxS) = 0.25 pm, L(CAdS) = 0.40 pm, reported for the
highest accuracy, destructive measurements recently reported
for CuxS/CdS samples topotaxially formed on single crystal
Cds(18). Particularily note that the present S/Vd (CuxS)
value is the forth independent technique that gives this
same magnitude. Previous measurement of this quantity
involved the Gatos slope-parallel-surface technique (19,30),
and the van Roosbroeck curvature technique (18,31), and the
Berz and Kuiken slope-perpendicular-surface technique
(32,33) all of which gave the same results to within 20
percent. This present work is the first to specify absolute
values for junction collection efficiency. Earlier studies
gave only relative changes (19). The V*/Vd collection~
determining ratios of Table II correspond to junction collec-
tions efficiencies estimated by the limiting expressions of

= <] - . . .
Eg. 12 as HgaR(CuXS) = 0.39 and HSCR (Cds) = 0.50 indicating
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that about half of the minority carriers originating on
either the Cu S or Cds sides of the device are lost in
traversing the SCR. The effect that perfect collection

(V¥ > > Vd) should have on these data is shown by the verti-

cal shift in the so0lid line curves in Fig. 7.

The evolution of such EBIC data with the 180°C, hydrogen-
argon heat treatment is shown in Figs. 8 and 9 for sample B
for treatment times between 30 and 120 minutes. While
moderate changes could be occurring in several of the vari-
ables, the dominant effect is the vertical shift in the
curves upward to a maximum followed by a decrease indicative
of junction collection efficiency variations. The LMS error
fits of these data were obtained for the parameters listed
in Table III. The fixed parameter values were determined as
with sample A. Within the accuracy of this data, the only
significant changes during heat treatment were in those
parameters determining junction collection efficiency. The
approximations of this efficiency specified by H§ER(CuxS),
Hg%R(CdS), and the SCR parameter 7 are plotted in Fig. 10
versus heat treatment time. This result is analogous to
that reported for heat treatment data in an air ambient
measured on a sample formed on single crystal CdS with a wet
dip, topotaxial Cuxs layer. Thus the dominant change with
heat treatment has again been shown to be with variaticns in

junction collection efficiency with no significant variations
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found in the minority carrier diffusion lengths or the Cuxs
surface recombination velocity. The present work was for
polycrystalline CdS with an epitaxial, reactively sputtered

Cuxs layer heat treated in a hydrogen-argon ambient.

CONCLUSIONS

The non-destructive SEM techniques of Wu and Wittry (15)

have been extended so that thin, multi-layer, polycrystalline
films can be analyzed. This required theory modifications

to account for the effects of surface recombination velocity
and non-perfect collection by the space-charge-region. Such
SCR behavior is related to similar effects analyzed by
Rhoderick(21) and by Crowell and Sze(22). When applied to
CuxS/CdS heterojunction solar cells heat treated at 180°C in
hydrogen-argon, it showed that L(CuxS) and L(CdS) had relatively
constant values in the 0.20~0.26 and the 0.41-0.46 micron
ranges respectively and that S/Vd(CuxS) remained at the same
1.0 magnitude. However the junction collection efficiencies
increased by more than a factor of two to a maximum and then
decreased for treatment times of up to 120 minutes. When
combined with earlier results (19), the SEM studies have
shown that junction collection efficiency changes are the

dominant effect of heat treatment in air and in hydrogen-
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argon ambients for cells formed on polycrystalline and
single crystal CdS upon which CuxS was formed topotaxially
or epitaxially. Further study and optimization of this
process could be expected to provide for improved device

performance.
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Table I. The coefficients for the Gruen range calculated
from the Everhart and Hoff results
All d E

p 5 owe o
Material (g/cm3) Z (g) B Range(keV)
Cu,S 5.60 24.7 53.0 1.55(10-6) 2.34-23.4
cds 4,82 32.0 72.2 2.06(10'6) 2.94-29.4
Table II. Parameter values used to provide the least-mean-

squared error fit of the data measured on sample

A as shown in Fig. 3.

Fixed Parameters:

CuxS Thickness = 0.25 um

CdS Thickness

SCR Thickness

[}

30 um

0.25 um

EA(CdS) = 7.8 eV

EA(CuXS) = 3.9 eV

f =

0.9

Fitting Parameters:

L(Cuxs) = 0,26 um

L(Cds) = 0.43 um

V*/Vd(CuxS) = 0.65

V*/Vd(CdS)

0.98

m = 0.52

S/v

d(Cu,gy = 1.0
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Table III. Parameter values used to provide the least-
mean-sguared error fit of the heat treatment
data measured on sample B and presented in

Figs. 8 and 9.

Fixed Parameters:
Cu S Thickness = 0.20 ym
CdsS Thickness
SCR Thickness = 0.18 um
EA(CdS) = 7.8 eV
EA(CuXS) = 3.9 eV

[]]

31 um

f = 0.9
Heat
Treatment Fitting Parameters L

7 *

Time \Y /Vd S/Vd

(migl L(Cu&S)(um) L(Cqﬁ{gun) Cu 8 Ccds n (Cu%ﬁi

30 0.23 0.43 0.24 0.12 0.18 1.0

75 0.22 0.46 0.41 0.51 0.51 1.0
90 0.24 0.42 0.86 1.05 0.81 1.0

120 0.20 0.41 0.50 0.39 0.56 1.0
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List of Figure Captions

Sample and electron beam arrangement that allows
non-destructive EBIC measurements of minority
carrier transport parameters on thin film, poly-
crystalline, heterojunction devices.

The current density-voltage properties of sample A
exposed to simulated AM1, 100 mW/cm2 white light.
The sample A variation of EBIC data with accelera-
tion voltage displayed as an "effective" depth of
penetration into the Cu,S. Data points were
experimentally measured. The solid curve is the
theoretical least-mean-squared error fit of the
data for the parameter values of Table III.
Variation of the theoretical results with changes
in the Cuxs minority carrier diffusion length.
Sample A data points are shown for reference.
Variation of the theoretical results with changes
in the CuxS surface recombination velocity.

Sample A data point are shown for reference.
Variation of the theoretical results with changes
in the efficiency with which the SCR collects
minority carriers arriving from the CusS. This
efficiency is approximated here by HéER = (V*/Vd)/
(1 + V*/Vd). Sample A data are shown for reference.
Improvement in the theoretical results that would
be achieved with perfect collection of minority
carriers as modeled when V*>>Vd for both the CuxS
and CdS and when 71 = 1.0. Sample A data are shown

for reference.
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Fig. 8 The effects of 180° C, hydrogen-argon ambient heat
treatment of sample B shown by the data points for
30, 75, and 90 minute treatment times. The solid
curves are the least-mean-squared error fits of
the data obtained with the parameter values listed
in Table IV,
Fig. 9 The effects of 180°C, hydrogen-argon ambient heat
treatment of sample B shown by the data points for
90 and 120 minute treatment times. The solid
curves are the least-mean-squared error fits of
the data obtained with the parameter value listed
in Table IV.
Fig. 10 The variations in junction collection efficiencies
of sample B as a function of hydrogen-argon heat
treatment time at 180°C. The CuXS and CdS effi-
ciencies are approximated by HgbR and H§SR respectively
and the SCR itself is described by 7 .
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Section III C - Hall Effect Measurements

Hall effect in reactively sputtered Cu,S
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The Hall effect in thin films of reactively sputtered Cu,S was measured at temperatures from 90
to 300°K. The hole concentration ranged from 10" to 2X 10" cm ~*. The hole mobility ranged
from 5.5 to 9 cm*/V's. The predominant scattering mechanisms are ionized impurity scattering at

T < 100°K and vptical phonon scattering at T > 100°K.

PACS numbers: 72.20.Fr, 71.55. — i

Cu, S is a serniconductor of considerable interest for
solar cell application, but many basic properties such as
dominant scattering mechanisms are still not well under-
stood. Findings of a study of the Hall effect in thin-film Cu, S
are presented in this letter.

Similar studies have been made, but the results are in-
conclusive. The first such study was conducted by Hirahara'
in 1951. His measurements were made on polycrystalline
bulk material at temperatures of — 20 to 250 °C. He report-
ed a room-temperature hole mobility s, of 12 cm?/V-s.
Nonstoichiometric samples with excess sulphur had lower
M, and higher hole concentration p than the stoichiometric
ones. He therefore concluded that impurity scattering
played a dominant role in free-carrier transport in Cu, 8.
Abdullaev et al.* measured g, in single crystals of Cu, S from
20 to 600 °C. The hole mobility was 25 cm?/V- s at room
temperature and decreased with increasing temperature,
with a T ~ %2 dependence, up to 250 °C. Consequently,
acoustic phonon scattering was believed to be dominant in
this temperature range. Sorokin and Paradenko’® observed
the same temperature dependence in polycrystalline thick
layers and thin films of Cu, S. The mobility in thin films was
about 5 cm?/V's, while that of bulk material was an order of
magnitude larger. The great difference in mobility was ex-
plained by grain boundary scattering, which was much more
prevalent in thin films. Later, Sorokin et al.* reported 12, as
high as 90 cm?/V. s in single-crystal Cu, S that deviated by
less than 3% from stoichiometric. More recently, Bougnot e
al.* reported hole mobilities of 4 cm?/V- sinbulk Cu,S. The
4, is almost independent of temperature from 77 to 200 K,
then decreases with increasing temperature according to
T - )/2.

The samples used in the present study were obtained by
of reactive sputtering of copper onto glass slides in an
H, S/Ar atmosphere. The photovoltaic research group at
Lawrence Livermore Laboratory has demonstrated that
nearly stoichiometric Cu, S can be obtained by using this
process.® The samples were 1X 1) 10 ™ *-cm films with gold
contacts evaporated onto the four corners. The magnetic
field strength used was 8.6 kG. The voltage measuring sys-
tem was capable of detecting signals as low as 1.0 V. The
temperature ranged from 90 to 300 °K and could be con-
trolled to within 1 °K.

Raw data were reduced by the van der Pauw method to
obtain the resistivity p and Hall mobility g, .” The hole con-
centration was then calculated from
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P=Vppy , M
where ¢ is the electronic charge.

The Hall mobility was used in place of the drift mobility
in the calculations, because for the common scattering
mechanisms (ionized and neutral impurity, acoustic and op-
tical phonon, and piezoelectric scattering) the Hall scatter-
ing factor is nearly unity. In particular, for optical phonon
scattering, which dominates over most of the measured tem-
perature range, the scattering factor is between 1.00 and
1.06.¢

Data from a typical sample are presented in Figs. 1-3.
Figure 1 is a semilog plot of hole concentration versus recip-
rocal temperature. The hole concentration p is related to
temperature by

pxexp[ —(E, — E,)/2kT], )

where E, is the energy of acceptors (eV), £, is the valance
band edge (eV), k is Boltzmann's constant, and T'is tempera-
ture ("K). From the slopes of the plot there appears to be a
series of close-lying states with (£, — E,) = 0.013, 0.053,
0.073, and 0.17 eV. This is consistent with the high defect
concentrations present in Cu, S.

A log-log plot of u,, versus T'is presented in Fig. 2. Asa

10%
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FIG. 1. Hole concentration versus reciprocal temperature.
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FIG. 2. Log-log plot of hole mobility versus temperature.

first approximation, it would appear that ionized impurity
scattering, which has a characteristic 7*"? dependence,
dominates for 7 <90 °K. There is some doubt as to the im-
portance of acoustic phonon scattering at higher tempera-
tures, contrary to the results of previous investigators.?**
The slope for temperatures greater than 100 °K is too shal-
low for the 7~ *? dependence of acoustic phonon scatter-
ing. The shallow slope may be due to the influence of impuri-
ty scattering, but the fact that the data deviate from theT **
dependence even more as the temperature increases suggests
that another scattering mechanism is prevalent at the higher
temperatures.

Least-squares fits of the data to other functional forms
of i, were attempted. In all cases it was assumed that the
various mechanisms were independent so that the general
form could be expressed as

N
R > 1 . 3)
K M
The maximum number of mechanisms attempted in the
analysis was &V = 5, which included ionized and neutral im-
purity, acoustic and optical phonon, and piezoelectric scat-
tering. The best fit, presented in Fig. 3, is

1 _ 4 - B ’ @

A T3 T'?lexp(6/T) — 1]
where A = 664 Vs°K¥?ecm~2, B=297Vs°K¥*?cm™?,
and 8 = 200 °K.

The first term of Eq. (4) corresponds to ionized impuri-
ty scattering. Conwell and Weisskopf® obtain this form by
using a classical Rutherford scattering model. The same
temperature dependence was obtained by Dingle' and
Brooks" using a screened potential model. The second term
corresponds to optical phonon scattering. The original for-
mulation is due to Howarth and Sondheimer," who solved
the Boltzmann transport equation with a relaxation time as
defined by Frohlich and Mott.”® It was later corrected to its
present form by Petritz and Scanlon.™

151

T | A A | T T
¢ 10| 1A, 8 —
2 I My ¥ V28T )]
E 9 -
) L i
* gk ﬁ
E 7+ A= 664 .
o
E B = 2.97 ’
L 6+
° 0 = 200
X -
[ U v b
0 100 200 300

Temperature, T (K)

FIG. 3. Linear plot of hole mobility versus temperature, showing data and
best fit.

This letter presents preliminary findings of an in-depth
study of the properties of reactively sputtered Cu, S. Hall
measurements at temperatures down to that of liquid helium
are in progress; a more definitive statement on the low-tem-
perature scattering mechanism and the energy levels of de-
fects is forthcoming,.
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IV CONCLUSIONS

There is strong experimental and theoretical evidence that the behavior
of CuxS/CdS solar cells formed by sputtering and by other techniques is
dominated by space-charge-limited current mechanisms that are controlled
by trapping phenomena that are different from the parameters that specify
standard p-n junction behavior. Direct measurement of the minority
carrier transbort properties in ordinary thin-fi]m devices without
destructive preparations was accomplished by extensions of the SEM EBIC
method for a sputtered sample. The measurement of the majority carrier
and optical properties of polycrystalline CuxS films was made possible
by the reactive sputtering process which provided the necessary free
standing films. The transport and optical constants were found to have
values among the highest reported for polycrystalline material and were
observed to not change significantly with air or reducing heat treat-
ments with the exception of the CuxS hole concentration and the CuxS
optical absorption. A dominant effect of heating of sputtered devices
was shown to be in changes induced in the junction collection efficiency
of the cells in agreement with increasing evidence from other studies
that used devices fabricated by the other methods. Comparisons among
films formed by topotaxy and by sputtering onto poly and single crystal
substrates indicated that the optical and minority carrier properties
obtained with sputtered films should be representative of the char-
acteristics of topotaxial films. The majority carrier transport pro-
perties of sputtered and topotaxial polycrystalline films should also be
well correlated. The reactive sputtering process provides the unique

ability to provide polycrystalline samples in the forms required for
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unambiguous determinations of the mechanisms that control CuxS/CdS
device behavior which should be understood for the cells to reach their
full potential. The indications are that the greatest improvements in
device behavior will be achieved by future studies which monitor, con-
trol and optimize the trap structure of the CuXS/CdS devices. The
potential payoff is in greatly improved fabrication repeatability, in
meaningful characterizations and definitions of the device stability
requirements, in enhanced device performance, and in better evaluations

of the device's ultimate performance potential.

According to the new results of this study the most pressing problems

for future study should involve answers to the following three questions:

1. How can the trapping structures in CuXS/CdS devices be measured and

how can they be controlled?

2. What are the specific mechanism or mechanisms involved in the
strong variations observed in junction collection efficiency and

how can they be controlled?

3. What heat treatment steps will allow the CuxS layer to achieve its
optimal optical properties simultaneously with the values desired

for the other parameters influenced by heat treatment?
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